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Frontispiece

The composite scene above pictorially illustrates many of the radiometric relationships from which the
implications discussed in this report and derived. The photographic portion illustrates a joint
airborne/groundbased experimental measurements program conducted in the vicinity of Mt. Ranier,
Washington by the Visibility Laboratory of the University of California, San Diego, in cooperation with
and under the sponsorship of the Air Force Geophysics Laboratory. The cartoon overlay illustrates the
influence of the direct and diffuse light fields upon surface targets and the atmospheric path between the
surface and the airborne observer. Within the visible spectrum, these atmospheric processes are primarily
scattering in nature. Whereas, within the infrared regions, the processes must be expanded to include the
effects of absorption and emission. A discussion of these combined effects and their interrelationships is
the primary content of this report.

-iv-



SUMMARY

Thla report Is a part of the Visibility Laboratory's Project OPAQUE eltort and was prepared under AFGL Contract
F1P 896-S2-C*0060. It describes a review of the theoretical constructs for & r,,ilation mredium which scatters, absorbs and
emits radiation with special emphasis on applications to the visible and IN't Infrarea.

- The equation of transfer for radiance, irradiance and scalar irradianr- :. fully defined and then integrated. If the 41r
radiance distribution is measured at several altitudes, the radiance arrays can be tested for consistency and, if consistent, a
measure of absorption obtained,

Some of the special characteristics of the solar almucantar are delineated. Methods are presented for using the solar
almucantar sky radiance to obtain radiance transmittance, test optical stability, and test for spurious sun reflectance in the
sky radiance photometer,

"Measurements made with the Visibility Laboratory integrating nephelometer are reviewed and compared to the
IBarteneva (1960) catalog of photopic volume scattering functions. An average volume scattering function is derived and
methods,, developed for obtaining the single scattering albedo from horizon sky radiance, for obtaining the scattering
transmittance from sky radiance ratios, and for obtaining the aerosol optical thickness from solar almucantar radiances.
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IMPLICATIONS OF THE EQUATION OF TRANSFER WITHIN THE
VISIBLE AND INFRARED SPECTRUM

Jacqueline 1. Gordon

1. INTRODUCTION The following section will deal with the basic mono-
chromatic equation of transfer as it relates to radiance,

In the increasingly sophisticated world of electro, irradiance and scalar irradiance. The concepts will be fully
optical detection, search, and guidance, the requirement defined and related where possible to the theoretical work
for establishing and predicting atmospheric influences on of Duntley et al. (1957), Preisendorfer (1976) and Chan-
system performance continues to be a primary operational drasekhar (1960). A table of notational equivalencies fornecessity, It Is in support of this requirement that the the Chandrasekhar (1960) notation and the Visibility
Visibility Laboratory in cooperation with, and under the Laboratory notation is given in Appendix B.
sponsorship of the Air Force Geophysics Laboratory has The third section will delineate some of the special
maintained an extensive program of airborne optical and Tues of the soaaunl
meteorological measurements. In recent years this pro-
gram has been conducted as an independent but coopera. The fourth section will review the measurements
tive effort (Johnson ei al. (1979)) In conjunction with the made with the Visibility Laboratory integrating nerhelom.
NATO program OPAQUE (Optical Atmospheric Quanti. eter. These data will be compared to the Barteneva (1960)
ties in Europe), Fenn (1978). During the two year Inter, catalog of photopic volume scattering functions and an
val spanning the years 1977 and 1978. over 80 missions average volume scattering function derived. Some of the
were flown documenting the vertical structure of the visi implications of the average volume scattering function will
bie spectrum total volume scattering coefficient in the then be explored.
lower troposphere as well as the 47r radiance distribution
of the ambient light field at several altitudes. Since a
thorough awareness of the vertical structure of volume 2. EQUATION OF TRANSFER
scattering coefficient Is essential to the prediction of
atmospheric influences on contrast transmittance through 2.1 Radiance
this regime, these data have been presented In a series of
technical reports, the two most representative of which are c hromat icabio brodbd sersil be mis-
entitled "Airborne Measurements of Atmospheric Volume chromatic, Applicability to broadband sensors will be dis-
Scattering Coefficients In Northern Europe, Summer cussed where appropriate.
1978," Johnson and Gordon (1980), and "An Analysis of The most basic equation In radiation theory is the
Natural Variations in European Sky and Terrain Radiance equation of transfer (Eq. 10 Duntley er al. (1957),
Measurements", Johnson and Hering (1981b). Eq. (3) Sec. 3.15 Preisendorfer (1976), and Eq. (46)

The optimum use of the experimental data Chandrasekhar (1960))
presented in reports such as those referenced above is
surely to establish the baseline assessment of those optical dL(z,8.tb)/dr - -a (z) L(z,9,b) + L.(:,a,4). (2.1)
characteristics most influencing slant path contrast
transmittance, and to develop from these assessments
realistic predictive models. An initial effort in this model This equation relates the incremental change in radiance
development, using both surface and profile data from the dL(z,g,,b) at altitude z in direction zenith angle 0 and
OPAQUE program is discussed in Johnson et al. (1979), azimuth t over the incremental path length dr to the
and the further application of these data to contrast attenuation coefficient a(z), the radiance L(zosb) and
transmittance modelling is illustrated by Hering (1981a). the path function L.(z,O,&). The first term is the loss

In order to extend the methodologies developed for term and the second is the gain term.
visible spectrum modelling into the infrared, it seems The attenuation or extinction coefficient c,(z) is
appropriate to review the theoretical constructs for a radla- equivalent to the Chandrasekhar (1960) mass attenuation
tion medium which scatters, absorbs and emits radiation. coefficient k times the density p. The attenuation
These constructs are being used to evaluate the data from coefficient Is the sum of the total scattering coefficient
the atmospheric optical measurement program and s(z) plus the absorption coefficient a(z)
develop models. In addition we will review a few of the
data sets which have specific modeling Implications. 4*(z) - (½) -- a (z). (2.2)
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,Ji The path function L.(z,0,tb) is equivalent to the body (incomplete radiator) This implies that the absorp,
Chandrasekhar (1960) mass emission coefficient j times tion spectrum for liquids and solids is also continuous
the density p. The path function is the surm of a scattered spectrally.
component and an emitted component which is related to An aerosol is defined as a mixture of gas and small
the absorption solid or liquid particles. Although the solid particulates

and water droplets with dissolved particulttes absorb and
L ,,- L(z,a,) + L.*). (2.3) emit like a grey body with a continuous absorption spec-

trum, the gas or air absorbs and emits in line and band
spectra. Thus the aerosol absorbs and emits like a spectral

The emitted component due to absorption is isotropic and or colored body.
hence is shown without direction modifiers. Emission Mechanisms. The principal emission ,

mechanisms above the mesosphere are electrolumines-

Stterinacence and chemiluminescence resulting in line and band ",
spectra. These emissions are called airglow. These are

The scattering coefficient has two components. Ray- important in the visible part of the spectrum at twilight
leigh or molecular scattering Rs Is highly wavelength and night but will not be dealt with herein.
dependent being proportional to the Inverse fourth power The principle emission mechanism in the tropo-
of ihe wavelength X-4. Mie scattering ms is less sphere and In the atmosphere at or below the mesosphere
wavelength dependent. Both tend to be smooth continu, Is temperature radiation which is photon emission caused
ous functions with wavelength, by atomic or molecular collision. The atmosphere is

The path function due to scattering is the integral of assumed to be in local thermodynamic equilibrium, hence
the incoming radiance L(z,Gs,') in all 4f. directions Kirkhoff's law applies. The path function due to emission
(including tne sun whern appropriate) times the volume is thus (Eq. (38) Chandrasekhar (1960)J
scattering function o-r(zj,3')

L, (z) - a(z) L(,,T) (2.7)
L (2.0) LL(x,9,) c?(z,:')df1, (2.4)

where L (h, T) is the blackbody radiance at wavelength x
The scattering anile 03' is equivalent to the Chandrasekhar and T Is the temperature in degrees Kelvin. The path
(1960) ang!e e. It is a function of the incoming radiance function due to emittance at and below the mesosphere is
direction angles G.a' and the sensor direction angles O,i$ highly wavelength dependent and should be dealt with
as follows monochromatically.

A black body in thermodynamic equilibrium absorbs
cos'- sine slnO'cos(O'-4) + coso coso'. (2.5) and emits as a continuous function of wavelength and

temperature according to the classical equation [Wolfe

The integral of the volume scattering function over 4 1r is (1978) Table 1.71
the total scattering coeflcient

L(X, I) - c/! (ir hs(e -0)] (2.8)

mS J ( (2 .6) w h e re

The volu.ne scattering function is equivalent to the Chan- - 2W hc2 - 3.741382E-16 WM2 (2.9)

drasekhar (1960) Ohase function p(coso) times the
attenuation coefficient a divided by 41r. and

x - c2 / (XT). (2.10)Absorption and Emission

Atoms and molecules in the gas phase absorb and The form 3.74E.16 is an alternate format for 3.74x l-'6.
emit in line and band spectra. The atomic spectra are line This computer form is used throughout this report. The c
spectra and tend to be at the shorter wavelengths. The is the speed of light, h is the Planck constant and
band spectra are molecular and tend to be at the longer
wavelengths. The continua are essentially part of the band c2 - ch/k - 1.438786E-2 mK (2.11)
spectra, weak but broad spectrally.

Molecules in the liquid or solid phase cannot emit where k Is the Boltzmann constant. The constants are
line or band spectra but can only emit in a continuous from Driscoll and Vaughn (1978) Table A.I.
spectrum, tl" distribution of which Is determined by the Visible Spectrum. Blackbody radiance and hence exi-ambient temperature, in other words like a black or grey tance (emittance) is negligible in the visible spectrum,

"-2.



Even at l/sm at 300K (27*C or 80*F), Ar - ,Az secO (2.18)
L(lAm,300K) - 1.76E-7 W/flm 2 . At shorter
wavelengths (all the visible wavelengths) and/or lower When used for all paths of sight, this is called the plane
temperatures (the normal range of temperature below the
mesosphere) the emittance is still less. Hence for the visi- parallel atmosphere approximation. The Ar is always

b.(2.3)becomes non-negative since z is defined as z1-z 2 (the subscriptsble spectrum E. increase with the flux direction). See Fig. 2-1.

L,(z,94) - L (z ,e,) . (2.12)

Boullibrium Radiancg z2

eThe equilibrium radiance is defined as the radiance
' 'hen the incremental change In radiance over the incre-
mental path length dL/dr equals zero, therefore from
Eq. (2.1) (Eq. (01) Duntley etal, (1957)) 10

Filg. 2.1. Path length geometry for steeply Inclined patis of sight.
0 L. Ue~,0,0) - a(:) Lq (:,G,O) (2.13)

For upward-looking paths of sight from 70 to 90
degrees, the Ar for a constant 4: Is significantly shorter at

or (Eq. (40) Chandrasekhar(1960)) altitude than at ground level due to the curvature of the
earth. For paths of sight at zenith angles from 90 to 110

Lo~l,,) - L,(z,,•) //(r). (2.14) degrees, the Ar for a constant A. is significantly longer at
ground level than at altitude also due to the curvature of
the earth. Therefore, for these paths of sight, the incre-

Thus the equilibrium radiance Is equal to the Chan- mental path length Ar, Is computed from
'draskhar '(1960) source function ,Y

"No Abwpduon. In a medium or at wavelengths with Ar- - { n(z) (;+x)sine/ [(i(ZI) (C+Zj)])2 ]-,A Ac. (2.19)
no absorption, the attenuation coefficent would equal the
scattbrng coeffiient and the equilibrium radiance would This Is the classical equation for computing incrementalbe equal to path length at paths of sight affected by earth curvature

L6(z,G,,) - L~, (:,9,•)/a(z) . (2.15) and refraction. The n(z) is the refractive index, z is the
sensor or observer altitude, C is the radius of the earth.
Use of the mean earth radius of 6.371229E6 metersScaverhtI Ne ible. When scattering is negliglible, results in a maximum error at the equator of -0.1 percent

such us at longer wavelengths in the infrared, the attenua- and at the pole of +0.2 percent. See Fig. 2.2 for the rela-
tion Is equivalent to the absorption. Substituting Eq, (2.7) tionship of 9 and 9" for the downward (and upward) paths
into Eq. (2.14) we have of sight and see Duntley et at. (1976) Section 2 for a

derivation of Eq. (2,19).L9 44.0,) -. L (,\, '). (2.16)

EuaMion qf ran4fr. An alternate form of the equa- z -
tion of transfer Is to divide both sides by the attenuation
coeftlent and let dr equal uect A (Eq. 63 Chandrasekhar z,
(1960)1,

cost dL (z,[,,) / is(z) ,z]

- -L(z,0,,) + Lq (ZQAEJ) (2.17)
C;+z,

The coal is equal to the Chandrasekhar (1960) function A
and a(s) & is equal to d:(z) the differential of the optical
thickness t(z).

Incremental Path Lenath
Fig. 2.2. Path length geometry for grazing downward paths of

For paths of sight at zenith angles 9-0 to 700 and sight In refractive spherical atmospheres. For upward-lookins
110 to 180*, the incremental path length is a simple func- paths of sight the positions z and z;, and 9 and 0" should be
tion of the altitude increment and the zenith angle. reversed.
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2.2 Irradiance When the path function due to scattering is
integrated over 47r it can be expressed as a double integral

Before deriving the equation or transfer for irradi- by substituting in Eq. (2.4)
ance. let us first define irradiance and some other terms.
The downwellirig irradlance EVz,d) is the integral of the
radiances from zenith angles 0 to 90 degrees weighted by (~ ~,i c#'~';zfdi .$ (2.26)
the cosine of the zenith angle

E I,d- oe A. (.0 Now since the order of integration is unimportant over the
E~zd) JL~.9'b)C05' dl . (2.0) double integral, the relationships In Eq. (26) and (2.21)

can be substituted so that we have the scalar exitance per

Similarly the upwalling irradiance E(z,u) is computed for leghdetsctriga
angles 90-to 180 degrees by weighting by the cosine of the
nu:hadir angle'(1310.9) so that the cosine is positive. These Q~() - S(Z) 4(:) .(2.27)

are. the irradiances on a flat surface oriented to receive the
downward and upward radiances respectively. Since the path function due to absorption Is isotro-

pic the scalar exitance due to absorptlon is

~0I.II3flID U.) - aU) L (A, T) 4w ,(2.28)

A second type of irradiance Is the scalar or non-
directionall Irrsdiance In which the cosine term is not
present. The total solalr irradiance * (:) Is defined as or

(z W a(:)m(U,T7) .(2.29)

Eauation of Transfer for Irradiance

The total scalar irradiance Is equivalent to the Chan. The equation of transfer for radiance can be used to
drasekhar (1960) average Intensity I times 41r. The scalar obtain an equation of transfer for irradiance by Integrating
irradiance Is related to the Incoming radiant density w by over 41r, First let us rewrite Eq. (2.1) In terms of the

separate components of absorption, scattering, and emnis-
W- 4(:)/c, (2.22) sion and express the Incremental path length In terms of

Eq. (2.18) thus
where ci .s the speed of light. dL(zG,6,)cosO/dz- - a(:)L(z,@A~

Sealer Exitange (E3mittance) - s(z)L(:,Aq6 + L 6S UAOt) + L 0 (Z) (2.30)

Exitance (emittance) M Is veflned with the cosine Now multiplying both sides by dfl and expressing both
term similar to the irradiance In Eq. (2.20). Let us define sides as an Integral over 41r we get
a second type of exitance (emnittance) as the scalar or
non-directional exitance In which the cosine term Is not d ~~.d d
present. The scalar exitance due to absorption m (A, T) Is
defined as . ~)f~..)f ~t

w U. T) - L(OkT)dfl - 4rL(A. T). (2.23)
+L r~.d + L 00 ) . (.31

The scalar exitance is related to the outgoing radiant den-
sity w L, T) by This can be simplified using Eqs. (2.20), (2.21), (2.27)

and (2.29) to become
w(h,T) - mOX,T*)/c .(2.24)

Lot us also define another scalar term, scaler exi- [rd)-E:u]/t
tance per length mo.. This is the unweighited Integral over -a:.z ~)()+sr.z ~~(,)(.2
4w of the path function

This further simplifies to
MO CL,(z,#.q~ddfl (2.25)

d(E(z,d) - E(z,u)Ildz - -a(z)a(z) + a(z) m(hT) .(2.33)

.4.



This Is the equation for the net irradiance (.9
E6z,d)-EUz,m) change with altitude. Let us define f(z) ul l- 0(.9

as the net irradiance

since sec(r-o) - -seco. Thus the fourth term also drops
f W) - E 0, d) -E (z, 0 . (2.34) out. Now Eq. (2.37) can be written in terms of the

M change in scalar irradiance with altitude as
'Equation (2.33) can now be rewritten as

MAI&/d - -o(z) fL(:,Y,6)ehrx'df1 (2.40)
dfWt- a(:)Im(h, T) - t(:)) (2,35)

Thus the change In scalar irradiance with altitude Is solely
The net Irradiance f(U) Is equivalent to the Chandrasekhar a function of absorption and the radiance distribution.
('1960)i. ntfux F The scattering and the path functions due to scattering and

V'isl* Specinrn. In the visible spectrum where absorption do not effect the change in scalar Irradiance at
LQ.,) ad hnceew(AT) re eglgibl, E (235)can any wavelength including the infrared wavelengths.be writt nden c u ~ j aE. eto .rengigisendorEr. (1976)ca Therefore, when there Is no absorption the total scalar

sinces the, altitude -:Is the negdtive of the depth Into the Irradiance does not change with altitude.
med~ni)An alternate way of expressing Eq, (2.40) Is to

separate out the sun term and to express the more diffuse
di((i) / -a We - (8) ) .(2.36) radiances as a radiance difference, sky minus terrain thus

The net Iisrdiance either stays constant with altitude Indi- do(:)/dz- a(:)$ I(~d
cating no absorption, or decreases as depth Into the atmo- a(:) f(LU,e',O') - L(z,w - @',q6')Istv'd) ,(2,41)
iphpre Increases. This can be and Is bein'S used as a test
for the Internal consistency of'visible spectrum data when
measured at a series of altitudes over a period of several where *e(z) is the sun scalar irradiance. Equation (2.41)
hours, appears indeterminant because seeG goes to Infinity at 90

From Eq. (2.36) we also see that In a pural.1 scatter. degrees. However, since the radiance difference
log atmosphere there would be no change In net irradiance L(:A,-L(z.,v-9) goes to zero as secO goes to cc, the
with altitude. equation Is not indleterminant and can probably be

evaluated with measured radiance distributions.
Eavaionof ranser or cala IfedlnceIt Is useful at this point to speculate on the relative

Enuaionof ranser or cala IradinceImportance of the two terms In Eq. (2.41). First, we nnte
An alternate expression Is derivable from Eq. (2.30) that at the top of the atmosphere, the sky radiances (0 - 0

If we first multiply both sides by meO as well as dOI and to 90 degrees) are zero so that the second term In the
then-It e Thu equation is positive and the loss due to absorption at all

~ Thuswavelengths Is less than due to the solar beam as you
begin to descend into the atmosphere.

d f.L 4.0,44,1*)f Now, for additional Insight Into the two terms fro
the visible spectrum, lot us refer to our existing airborne

=-a-fi() fL(t,#,40seean - s( fL(:,e,*)aecdfl data on apparent sky and terrain radiances from ground
f. f. level to 6 kilometers. Figure 2-3 contains two graphs for

+ L 1,03rcon +L (8) rcodil . (2.37) the AVIZ pseudo-photopic filter (see Appendix A for sen.
OS f sor spectral characteristics), one for high altitude, one for

low altitude, of measured sky and terrain radiances for

Again the middle two terms on the right hand side cancel azimuths from the sun 0 of 0, 90, 180 and 270 degrees.
eac oherou sicetheorerof Integration Is not impor- These graphs are typical of terrains with albedns of

teachn oteroutl sIncethegorder approximately 0.1. The sky radiances (6 - 0 to 90
tantin doble nteraldegrees) are generally less than the apparent terrain radi-

ances (9 - 90 to 180 degrees) at high altitude and gen-
erally greater than the terrain at low altitude. Thus at high

2WzI JLU0,G,0secedfl altitude the absorption loss or change In @Wz with altitude
Is less than the absorption due to the solar beam at 0,,
term 1, since the second term is positive. At some Inter-

ufLxt.e',Ot')axjP')d1seredn . (2.38) mediate altitude the loss is equivalent to that due to the
4'.' solar beam since the second term In Eq. (2.41) becomes

zero. At low altitude the loss is greater thani due to the
Also solar beam since the second term becomes negative.
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On the same flight, graphs for broad band filters 2 Thus when there is no absorption the eqtuilibrium
and 3 with mean wavelengths 478 and 664 nm, were simi- radiance divided by the total scalar irradiance is the nor-
lar but the broad band filter 5 mean wavelength 765 nm matized equilibrium radiance,
with an albedo of 0.3. showed sky radiance lower than ter-
rain radiance at low attitude indicating the absorption loss- L c )lIt()-1(,9

...would be. Ion than that indicated by the first term of Lt.I)dl/et)- .(49

Eq. (2.41) at all attitudes. This may be typical of measure-
ments for relatively high albedos and high transmittances.

2.3 Integrating the Equation of Transfer
NoralzedFuctinsThe equation or transfer for radiance Eq. (2. 1) when

'Normalized functions have the convenient property integrated over path length r yields (Eq. I Duntley et at,
of always Integrating to one. T1hus from Eq. (2.6) we see (1957), Eq. I Section M.1 Preisendorrer (1976) and
that the' nohmallzd -scattering function Is a(:jfl/s(:) Eq. 50 Chandrasekhar (1960))
since

*Lr(Z.,GOf) - L0(Z1.0,q/i) T.(:,Y) + L,(:^Yst) .(2,50)

/0t0 $04) dO) -1I. (2.42)
This equation relates the apparent radiance L,(z),9,) at
the sensor altitude : to the inherent radiance L, (z,,Osh) at

similarly the normalized scattering path function from the target or object altitude :, to the radiance transmit-
Eq. (2.27) Is L,,(,,94a0)/(j~z)e(z) since tance TU,(z) and the path radiance L,'zAO,). The

transmittance Is expressed as a function of 0 but not (h

LUOd / W0601).()l (2.43) since transmittance Is not azimuth dependent as long as
the attenuation coefficient Is assumed to be solely a func-
tion of altitude, i.e., the attenuation coefficient is isotropic

Whereas the normalized path function for a medium Theizo radinetrnmtaneiyefnda
which emits us well as scatters according to Eqs. (2.27) Terdac rnmtac sdfnda
and (2.29) is

/ U(szaa) + a z~QWX,T M (2.44) T,)- exp I -q,(:)srr9 I. (.1

The t&,(X Is the optical thickness In the altitude Interval
* Since the equilibrium radiance Is the path function Az U:, to 4). The optical thickness Is equal to the Integral

divided by thes attenuation coeffiient (Eq. 2.14) the nor- of the attenuation coefficient from z, to z
malized equilibrium radiance for an emitting and scatter-
inig medium Is AW a()*.23)

fL,(z~,*)dn (s~~()s(:) 4. a(rX(, T)] - I . (2.45)
4' Ihe path radiance is the Integral of the patth func-

tion times the intervening transmittance (Duntley et al.
The single scattering albedo w, Is defined as the ratio of the (1957) Eq. (17))
scattering to the attenuation coefficient

W)- $Wz/ca(r) .(2.46) L( aO-JL.(zTi,t~ 0.0(z,) serdz (2.53)

The normalized equilibrium radiance can be expressed in where r, is from: to z,
terms of the single scattering albedo as

Horizontal Case
JLqr(i9.O dfl / fWsa~z) + 11 - w~l a n(4, T)) - I . (2.47)

The path radiance for the horizontal case can be
V/u/Ni Specrum. For the visible spectrum where expressed as

emission Is negligible the Integral of the equilibrium radi-
&not %i4vided by the total scalar Irradiance Is equal to the i.,(*0,9O,) - L.(00.6~) f T,,(.Od (2.54)
singlei scattering albedo

f ,UO-)dD /, W(z - . (2.48) since the path function is homogeneous horizontally if
the attenuation coefficient is horizontally isotropic. By

.11K q7-



multiplying the numerator and denominator by a(z) we In[WI n(z, ))I
can Integrate to get - 1+2 in (0) - )p(z)/W(O) - p(:,) / p(0)]. (2.62)

L,(z0,904) - L.(z.90,[11 - Tr(z,90)I / ,(z) (2.55) The refractive index is determined using the disper-
sion formula or Edlen (1953) for the refractive modulus
N(O) at 15 degrees Celsius sea level appropriate for a den-

or from Eq. (2.14) sity of 1.2250 kg m-3 (the standard atmosphere sea level
density),

L•,(8,90,s) - Le(z,90.6) [t-Trz.90)]. (2.56) N(0) - 64.328 + 29498.10/ (146 - 1/)

+ 255.40/ (41 - I / A3) , (2.63)
This is the standard equation for the horizontal path of
sight which holds. for a scattering, absorbing and emitting
medium which is horizontally homogeneous. where o Is Inf •m, The refractive modulus Is related to,the index oNrfacinb

Since the sky radiance is the path radiance from

spaceU.to-erth, the horizon sky radiance is N(o) - n(O) - 111E6. (2.64)

-..."L' (090.) - Le(4,90,A) (I - T.(a,90)], (2.S7) Computations of relative airmass were made for sea
level and 6 kilometers altitude using density values based
on the L.. S. Standard Atmosphere (1976) and the warmest

Ite transmittance from space.to-earth at zenith angle 9 is and coldest supplementary atmosphere in the U. S. Stan.
a function of the vertical transmittance and the relative dard Atmosphere Supplements (1966). The density at each
optical airmae m.(zn)/m.(zO), Therefore altitude was obtained by truncated Chebyshev expansion

using coefficients for the atmospheres between 0 and 80
kilometers U. S. Standard Atmosphere Supplements (1966)

WT1(,90)- , ) (2.58) Tables 4.2, 4.3, 4.6, and 4.11). Computations for the
standard atmosphere for 0 to 200 kilometers agreed within
I percent with the results for 0 to 80 kilometers, therefore

Air MaM the results reported in Table 2.1 are for 0 to 80 kilometers

The absolute optical airmus m,.(:,9) is the mass of for all three atmospheres.

an arcoolumn of unit cross section which is the integral of The computations were made for a wavelength or
the density over the path length from altitude i to a* 700 nanometers. Gast et at. (1965) indicate less than a 1

percent change in relative air mass for even a 90 degree
zenith angle for wavelengths from 300 to 3000 nanome-

ns.0z , p(a)d'. (2.59) tars. The values in Table 2.1 for the standard atmosphere
at sea level agree within 0.1 percent of the Gast et al.
(1%5) values for 700 nanometers except at 90 degrees
where they agree within 0.9 percent.

The relative optical airmasa is the ratio of the airmass wt
some angle 9 to the vertical airmass m.(an)/m.(z,0), In Table 2.1 presents vilues of relative optical airmass
computations or the optical air mass, the incremental path for angles 70 to 90 degrees. From 0 to 70 degrees, the
length AP, is computed using Eq. (2.19) which takes into relative airmas is equal to sece within I percent. The 45
account both the curvature of the earth and refraction. de'ree North Spring/Fall values are appropriate for the
For the computations herein the mean earth radius was U. S. Standard Atmosphere (1976). For purposes of com-
ussed. parison, the values for Bemporad from Gast et al. (1965)

are given in Column 2 and for Kasten (1965) in ColumnThe square of the refractive index is expressed as a 3 Demporad assumed a sea level temperature of 0function of the density ratio by Kasten (1965) degrees Celsius and a wavelength of 540 nanometers.
Kasten used the ARDC (1959) densities which are essen-

ia(i)/ n(ru)]2 - + 2 in(:) - ]I)I - p(:j) / p(a)] (2.60) tially equivalent to the U. S. Standard Atmosphere (1976)
and a wavelength of 700 nanometers.

To a good approximation, the refractive index can be Our computations compare well to the Kasten
expressed as function of density as (1965) values except at zenith angle 90 degrees, Since his

90 degree value Is also at odds with the Gait etal. (1965)%
values, his 90 degree approximation technique may be

In(t) - 11 / p(z) - [n(0) -- 1] / p(0),. (2.61) inadequate (there are special computational problems at 90

degrees). Bemporad's values lie as expected between the
Substituting Eq. (2.61) into Eq. (2.6n) we get an equation 45 degree Spring/Fall values and the 60 degree North
in terms of the refractive index at sea level as follows: (cold) values as does his ground level temperature.

.s. . .



-~ Table 2.11. Relative optical ar mass.

Senior at Sea Level -- - -T Sensot al 6 Kilometier-,
Seleced -. O (0 ml/n l.0l) ,6 l/M,(6.0

e From Sid Almos 1976 . rorm SidI Aimoi 1976 1

Illr, elnpad~ Karen W N 45 4N 60,N 30-N I 45-N I 60-N
July Spinsi~all Jan (cold) July ISpeitlncall Jan (coldI

70 2.904 2.902 2.900 2.902 2.90) 2.902 2.903 2.004

75 232 231 .36 .61 .35 il 3.313 3115

76 4.117 4.009 4.065 4.06 4.074 4.019 4.072 4.074

77 4.37 4.344 4.340 4.364 4.371 4.365 4. 34 4.371

73 4.72 4.707 4.702 4.707 4.7111 4.709 4712 4716

7ý 5.12 5.10 11.102 5.106 3.119 5.110 5.1 is 5.120

IQ1 5.40 $.$$1 S.573 5.564 5.591 S.517 $41111 SAW0

It 6.13 61111 &4141 6.157 4.176 6.161 6.109 6.173

12 6.11 6.359 4341 6.857 6.633 6.362 6.574 6.366

H2 7.77 7.73) 7.706 7.731 7.760 7..39 7.7S5 7772

34 11.90 8.131 $.114 1.343 3.90) 3.350 1.133 11.11011
is 10.39 10312 10.245 10.311 10.402 10.334 10.372 10.411

34 12.44 12,327 12.234 12.320 12.4119 12.345 12.411 13.473

37 15.36 151.10 15.017 15.167 15.416 19.209 (5.320 13.441

13 9.79 19.440 19.153 19.436 19.940 It9.503 19.75S 19,971

369024.9 6 43111 253-141 36.260 27.451 26.374 26.947 27.431

39.5 3 1. He 34437 J1.283 33.303 11.447 32.2483 22135

to 39.7 34.1145 36.537 17.7116 41.359 3 7.9b*4 29,297 40-113:

Wwmh 50 70 700 700 700 700 700 700

Tamesimaw 0 IS 31.43 Is -15.17 -6.63 22.3-9 -X699

V'C)I
In order to evaluate the effect or sensor altitude on atmosphere except at 90 degrees (the temperature

the relative air mama, the 6 kilometer values are divided by difference 0 to 6 kilometers Is also imailest oro the 60
the se level values and the ratio given in Table 2.2 for 86 degree North (cold) atmosphere),
to 90 degree. The relative airman values agree fro 6 The effect of temperature on the relative airmass Is
kilometers with the sea level values within I percent from evaluated by ratioing the warmer and colder atmosphereI
70 to 86 degrees regardless of temperature. The largest values to the Standard Atmosphere values at 45 degreesaltitude difference is +4.1 percent for the US. Standard North in Table 2.2. The effect of temperature is generallyAtmosphere at 90 degrees zenith angle. Altitude affects treater than the effect of sensor altitude. Also the elfect
the relative airmans less than I percent for the coldest of temperature Is greater at sea level than at 6 kilometers.

Tabl 2.2. Altitude and temperature effects upon relative optical airmass.

ALTITUDA amer'sT11 TEMPERATURE EFFECM
b.66(3 *#km to Sm.LeW6 PHla. 'Wsrm.Cold to Standard' RatItr.
Aimil -- __

08 jr 43* 90 11" Level G Kilometers 1

Millerw) July. Wtl3IPII Janf (mWd) 300N/1431N 601N /45*N 1101Ni301N 60'NIO'N

06 .00 1.007 1001 199011II .995 1.005

37 1013 1.012 1.001 -9190 1017 .993 1.007
a 1.013 1.016 1.002 9114 1 036 .937 1.011
SO 1.027 1.036 1 00 .971 1.045 079 1.011
111.11 1.033 10)4 "15 973 1015 .972 1.1334
g0 1.0)7 1041 "61 3 1095 .9S) 1.032
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Horizon Sky Fquilibrium Radiance percent. This turns out to be T...O,0) - 0.826. Since the
Rayleigh transmittance for 465 nanometers wavelength for

As can be seen from Eq. (2.57) when the transmit. the Standard Atmosphere is 0.823, the horizon sky radi-
tance T.(z.90) is negligible, the horizon sky radiance is ances at 6 kilometers for wavelengths 465 nanometers or
equal to the equilibrium radiance. In order to determine less will always be at equilibrium in cloudless skies.
the minimum vertical transmittance necessary to produce
a horizon sky radiance at equilibrium let us rearrange 2 i teEuto fTase
Eq. (2,58)6as follows 24ItgaigteEuto fTase

for Irradiance

In r(.40) - In T..(z,90)/[m.,(z,90)/m.x.(O)I (2.65) The equation of~ transfer for Irradiance Eq. (2.35)
can be rearranged so that both sides can be integrated with

For 3 percent accuracy, WOO,9) would be 0.03, then respect to altitude, The limits of Integration are between
solving Eq. (2.65) using the relative airmass value for the adzsweecnditthamopreotatz.s
standard atmosphere, we find that T.(:,O) - 0.911. Thus graethnz
for all vertical transimttances 0.911 or less, the horizon
*sky will be the equilibrium radiance to an accuracy or 3
percent or better. The Rayleigh transmittance for a Jdf(z) - a(:)Lm(hT) - o(:)Idz (2.68)
wavelength of 555 nanometers for the Standard Atmo-
sphere Is 0.910. Thus for all wavelengths 555 nanometers
or smaller, the horizon sky radiance will always be equal The left hand term is easily integrated but the right hand
to the equailibrium radiance at sea level. Since the photo- term Is not, Partially integrated Eq. (2.68) becomes
pie has bean found to be similar to the narrow band meas-
urements at 555 nanomeaters, iýe photopic horizon sky
radiance at sea level is also tK4. reasonably equa! to the f(Q) -- f(O) .. a~ m T) - it(W)Id: . (2.69)
equilibrium radiance for non .-.!na;y days.

T'he Rayleigh horizontal transmittance at 6 kilome-
ten~l can be related to the vertical sea level transmittance
by Approximate Solution

A reasonable approximation to the integration can
a ,.6,0)- .(O,)I.0)0("f~flfItOO) . (2.66) be obtained if we assume that the change In the difference

Im (h,T) -ezW I is small enou~ghfrom z, to : such that
an average value ( m(hT)4(1:)IY can be substituted.

Values of absolute vertical airmana, and relative vertical Substituting in the average scalar irradiance and exitance
airmanl for sea level and 6 kilometers are given In Table difference which can now be taken out of the Integral we
2.3 for the same three atmospheres us in Table 2.1., Since get

M.(6. ~ ~ (690)/.'O - m .(6.9 0) m(,) (.7
m.(6.0)~00)-~ ~ o~ 2.7 m.((-,) (Z") - I W-Th iY-@T-TI f I:)i (.0

We nw hve te bils or valutin Eq.(2.6). The Integral or the absorption with altitude is the optical
Using an equation similar to Eq. (2.6S), we can now thickness due to absorption . ta, (:) therefore
evaluate the vertical Rayleigh sa" level transmittance ,
necessary to produce a horizon sky radiance at 6 kllome. ______

leis equal to the equilibrium radiance to an accuracy of 3 f(zW - f~ 0  ~tj, W I u(A.T) - fi(4z) I . (2.7 1)

TAWl 2.3. Temporal and latitudinal comparisons of vertical optical airmass.

L41108ANOLUITE AIR MAUS ABLATIVE AIRMASS
MiW At I" Lewi at Gkm AlitIuft tbli

Jmy1.0373494 9.054"93i .472

Sp~q~aI 1.03"6914 4.1157SE3 470

W.0N 314 4 14O"Pi .4410

*Th. acaIWi B.4 is qgWV8uI to 104
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The error in the resultant optical thickness is probably less from Brown (1952) to compute the albedo out of' the
than the variability of the di fference (m (A. T) -e(W)I from atmosphere assuming various alhedos ait ground level.
the average value. This is an approximate equation for Using e~(-c) - 1.89F.3 W/rn2 ;Atn and the Brown (1952)
the net irradiance change with altitude. illuminances converted to irradiance in the same units

An expression for the absorption optical thickness (see Appendix A for details on the pholopic its a broad-
can be obtained by rearranging EQ. (2.71) band sensor), the results arc shown in Table 2.4 and Fig.

2-4 for various ground level albedos. Ground level albedo
i~, I ~s) ~ /I ?~7T- e4z) (272) A (0) equal to 0. 1 is probably the most reasonable in rela-

f I TT (0 1- (272) tion to the Brown (1952) illuminances,

Thus If one has a measure of ambient temperature and
downellngupwlllg ad salarirrdiace t to ati- Table 2.4. Albedo out-of-the-atmosphere: for a non-absorbing

tudis z and : where z. Is greater than :, the absorptionatoprebsdnBow(95)ndlq(27.
optical thickness can be obtained. --- ----)4OTW.H.TOS~tRI.~

No Absorption, When there Is no absorption and Zmnith Iuradian...........- --.e- -.

hence no emission, Eq. (2.71) becomes Angl5e Froml Selcte~d Ground AlbeJrn, A10)

degree wn (W'm3 
2) I 0.1 0.2 OiN 10

0 1.70E) 0.t01 0.190 0.230 0320 to

orsbttuigI E 23)40 t1tIM 0.192 0.273 0354 033W 1.0

,0 41E 0 .3101 0.384 0452 0.803 1.0

N d)- EVs,u) - V'(z 0 d) - £(:o,a) . (2.74) ... 10

When there Is no absorption the net Irradiance does not * I I I

change with altitude. Ground Levet AlbodoI
The ulbedo A (U) Is defined as the ratio or the 80

upwelllng to the downwelling Irradiance,

A Ws - £(s,OIU)/~ d) ,(2.75) .60

Substituting 9q. (2.75) into Eq, (2.74) we get an expres. .

84a,4)I - A (s) - EQ0,6d1f - A (so)) (2.76)

Thus the apparent albedo change with altitude is directly
linked to the downwelling irradlance change with altitude 0 ... 4....

when there Is no absorption, 0 20 401 hot 81)
The albedo out-of-the-atmosphere A (oo) can be SUN ZFNlTII AN0iL.1' (Deg~rees)

computed when the albedo and the downwellIng Irradlance Fit. 2-4. Albedo out -or-the-atmosphere for at non-absorbingat altitude z are known mince the downwelling irradiance atmosphere, based upon Brown (1952) and Eq.(2.7S).

out of the atmosphere Is the solar scalar Irradiance #(*(c)

Ve(i~d) - ,.('.)cose,. (2.77) Inteitratins for Scalar Irradlance

The equation of transfer for scalar irradiance
Substituting Eq. (2,77) into Eq. (2.76) and rearranging we Eq. 2.40 can be Integrated by first dividing both sides by
get it W. Now multiplying by d z and Integrating from :, to z

where :, is greater than : as we descend into the atmo-
A() I - E(z.d)(l - As)J / 15e(co)cose3I , (2.78) sphere.

For example, if we assume the photopic clear day to Id4().: W a fa(z) f ~ - s-irurodo dz .(2.79)

have negligible absorption, we can use the illuminances (0o



Again the left hand term is easily integrated but the right Equation (2.85) indicates that one needs a measure-
hand is not. Let us define a runction D(z) which is a ment of the 4v radiance distribution at both altitudes in
semi-normalized function of the 41r radiance distribution order to compute the scalar irradiance and the radiance
at altitude z distribution function D(z).

Water as a Scattering and Absorbing Medium. As an
D(z) - CL(z,) ecOd(1/ e(z). (2,80) interesting and illustrative aside, one may consider the

application of the foregoing equations within the hydrolog-

ical context, Although the principal emission mechanism

The D(z) is the unities. weighting function for the in water Is thermal there Is also bioluminescence,

Integral of absorption with altitude as It affects the change Bioluminescence Is essentially chemIluminescence, that Is,

or scalar Irradiance with altitude, An alternate way of energy from chemical reaction instituted by biological

expressing Eq. (2.80) Is to separate out the sun term and organisms, It Is also Isotropic, Thus In water the total

to 'express the more difise radiances as a radiance emittance path function Is L*, (d)-L.0 (d)+L*b(d), In

difference, soy minus terrain as In Eq, (2,41) water the radiances are denoted In terms of the depth d
beneath the water surface rather than the height above the
sea floor z. Since the path function due to biolumines.

DC:) - I'cb, e(z)/.(:) cance is isotropic, the equation of transfer for scalar Irradi-
-L(:,w - ance Eq. (2.40) is appropriate for water whether

S[L(ate',') - 9,•- ,#)jU dfl / i(s) ,(2,81) bloluminescence Is present or not, On the other hand, the
equation of transfer for Irradlance Eq. (2.35) only applies

Tho first term is exact but the second term at large to water when bloluminescence Is not present, otherwise,
zenith anrles becomes an approximation since sare' a bioluminescent term must be added, Also In the visible
becomes very large near 90 degrees. Fortunately, at 90 spectrum in water, thermal emission is negligible as It is in

ecomes vLIszery .l n 9 ethe troposphere. In water, below a certain depth d, the
degres, AL, Is zero. light distribution becomes asymptotic, with the sun no

Now substituting Eq. (2.80) Into Eq, (2.79) and longer a separate component. Thus the function D(dt)
integrating the lefthand side we get which Is solely a function of the lighting distribution

becomes a constant and can be expressed as the right
i 4 hand term of Eq. (2,81)

.ai In [(.()/dfl,)I - -Jao()D(s)d . (2.82)
10 eD(d

1)

This Is the partially integrated equation for the change of - [L(dtG',d') - L(dl,v - O',,')]j cG'dfl / i(d).,(2,86)
scalar~irradliance with altitude. 1w

AlweImew Solution. A reasonable approximation Also at depth dt and below, absorption Is constant.
to the Integration can be obtained if we assume that the Therefore the equation of transfer for scalar Irradiance
change In D(:) Is small between 4 and r so that an aver- Eq. (2,79) becomes
ags value D(&:) can be substituted

In Ii(s)/.(ll]- -D(Aa) f'a(ah. (2.83) ' df(d~ll(d)- -a .(dIf dd (2.87)

or In terms of the absorption optical thickness This is easily integrated with depth to become

In ItU)/ (:)J - -D(As) ,qU (2.84) In (.(d) /(do)1 - - a D(dt)(d - d,) , (2.88)

where d. must be at or below d, the depth at which the
The error in the resultant optical thickness is again prob- lighting distribution becomes asymptotic.
ably less than the variability of the D(z) from the average.
This Is an approximate solution for the change of scalar In water, the constant k Is defined as (Eq. ) Section
irradlance with altitude, 1,2 Vol. I Prelsendorfer (1976)]

In order to obtain a measure of absorption optical
thickness between two altitudes, we would rearrange In I(d)/t(d,)l - -k(d-d 0 ). (2.89)
Eq. (2.84) thus

Therefore Eq, (2,88) together with Eq. (2.89) give us an
_' * (1) -In [I(80) / (0) ]D(A:) . (2.85) equation for k in terms of the absorption a and the
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asymptotic lighting distribution function D defined by scured at both altitudes but there were scattered cirrus
Eq. (2.86), clouds.

The first step was to correct the scanner data in the
k - aD(dl) (2.90) region 0 to 25 degrees scattering angle from the sun

Recent scanner tests indicate spurious sun reflection in sky

Thus, having noted the conceptual similarities between the radiance measurcments near the sun. The method used
hydrosphere and atmosphere, our discussion returns to was similar to the Barteneva (1960) method for extrapo-
the subject at hand, the atmosphere as a radiative transfer lating the volume scattering function near scattering angle
medium. 0 degrees, We assumed log sky radiance at each zenith

angle to be linear with cos,3 from 0 to 30 degrees. The
slope of the line was established by the values near 30

--Di2slision degrees scattering angle.

Equations (2.71) and (2.84) which describe net irra. The next step was to obtain a measure of radiance
diance and scalar Irradlance are essentially three dimen- transmittance appropriate for the unobscured sun. This
sional. They address the effect of absorption over an area was done using the solar almucantar sky radiances in a
as well as vertically. They do not assume homogeneity method described later in Section 4.6.
but they do assume a relatively small change in As a check, the resultant computed downwelllng
m(k,T)-e(z), and D(z) over the altitude interval. Thus irradiances were compared to the irradiometer measure.
clouds may be present and the equations can still be valid. ments. The irradiances computed from the sky-terrain
The equations assume z. is vertically above z and describe scanner measurements are given in Table 2.5 together
a single point In time. with the ratios to the irradiometer values. The computed

When there are clouds in the altitude Increment A, downwelling Irradiances compare as well or better than
Eq. (2.85) should Indicate absorption. This is an absorp- the upwelling irradiances and thus the corrected sky radi.
"tdon based on the 41r lighting distribution. Thus, even if ances were considered reasonable,
there is no absorption in the direction of the sun, the For computing the radiance distribution function
pepmence of clouds will affect the 4w lighting distribution D(z), Eq. (2.81) was rewritten as
and absorption should be indicated.

"We now have two equations Eq. (2.72) and (2.84) D(z)- sere3 +.(z)!e(z)
to obtain the absorption optical thickness. Therefore it
should be possible to use them simultaneously as a check + 21r J [(z,9') - r(z,. - e')]sece'de'/ e(:) (2,93)
on the efficacy of the approximate solutions, that is

W- I f() - f(Ze) I / I ,T) -_ W(? ) I The average radiance r(z,O') for each zenith angle was
computed by summing the radiances for all 60 azimuths

- In [,(z') / 1(2)] /D(dz) (2.91) and dividing by 60. The resultant average radiance
differences L (z,O')-t(z,ir-0') are graphed In Fig. 2.5.

Visible Spectrum. In the visible spectrum, the emis- The computations of the distribution function D(z)
sion is negligible therefore Eq. (2.91) simplifies to using £q. (2.93) are given in Table 2.6. Note that the

second or sky-terrain term Is relatively small (23 percent
J ,(z) - [e('o).-i(M)] / i(A:) of the total) at high altitude but more than half the total at

- In I[(z) / I(:)A / D(A&) . (2.92) low altitude.
The evaluation of Eq. (2.92) is also shown in

The above equations are monochromatic. They are, Table 2,6 together with the average absorption optical
however, reasonable engineering approximations for a thickness based on an average of the values using the two
broadband %,,nsor when the absorption is primarily In methods. The average differs from the Individual evalua-
broadband continua or due to the suspended particles or tions by ±9 percent. This compares well to the estimate.
water droplets and not line or band spectra, This holds of error for each value. The estimated error for
reasonably woll in the atmosphere in the visible portion of Eq. (2.72) is ±8 percent based on the variability of the
the spectrum, difference [m(h,T)-a(z)] from the average, Whereas the

estimated error for Eq. (2,85) is 14.7% based on the varia.STo test Eq. (2.92) and to get an understanding of bility of D(Az) from the average value,
the lighting distribution function D(z), we used the sky Tob
and terrain radiances measured for Filter 2 mean The resultant absorption optical thickness probably
wavelength 478 nanometers on flight C-466 in Meppen, errs on the high side since no attempt was made to correct
Germany on 15 August 1978 during project OPAQUE V for the small sun zenith angle change between the meas-
described In Johnson and Gordon (1980). The altitude z. urements at 6 kilometers and 0.2 kilometers.
was chosen as the highest altitude flown 6 kilometers and The above is too small a sample to validate the
the : used was for the lowest altitude flown 0.2 kilome- method but Is encouraging enough to indicate further
tars. Thus Ax equals 5.8 kilometers. The sun was unob- development might prove fruitful.
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Table 2.5.. Computed .scalur irradiances for flight C-466,
nilter 2 -478nrn.

'COMPTEDSALARIRRADIANCFS IWlý,
2
0,.l

SPECIFICAvrg ng

IRRADIANCIF Over I O'er
COMPONENTAIk At 2kmr Altitude AIlmude

4El() 412) 1 I: Ink. (Z1)I/e (:)I

Sun so(:) 17%* 1113I

Sky dd4(:.d) Ds8 38

Upwolllng a (:,U) 424 227 4

Total 4(:) 2553 2178 2361 .1608

Albesio A 10 .119

Table 2.5b. Computed flat plate Irradiances for flight C-466,
filter 2, -478 wm

COMPUTED PLAT PLATE IRRADIANCES (W/m 2
jun)

SPECIFIC -

IRRADIANCE COMPONENT At 4 lim E(6) At 2km V-.2)
Calculated from Scanner Calculated rrom Scanner

Sun S E(1) 1359 757
Sky dE(:,d) 114 380

Total Downaltlins E(i,d) 1473 1137

Total Upwelling v(a.u) 117 77

Albmodo Ati 127 .069
Nil fjs 1216 1060

CalcUlated-Messulia) Ratios

Downwellifins (Scan/Irrsdl) 1.04 1.02

Upwaltln* (Sca/Irtad) 091% 1.11

Table 2.6e. Lighting distribution function D(z) from Eq. (2.93), Table 2.6b. Comparison of absorption
flight C-466, filter 2, -478 mm, optical thickness determinations.

Specific DISTRIBUTION FUNCTION DWz Computed Absorption
Distributiont At 6krn At .2 km Computational Optical Thickness
Componeant D(6) D(.2) Procedure aS32

sun 0.921 0.751 - ____

Uky.Taoaln 0.274 0.165 rm tIraln 0 0954
(2.721

Toel 120 I 16Frain Scalar Irradlance 0. 1141
8q ( 5)

Averaga VIA) 1.409 ______I_

Average Value 0.11348



140 -,---.Table 2.7, Ratio of incremental path length l~r(:,)IAr(:) lnr
Aý- 30 meter increments for both upward and downward paths

-478nm of sight between ground level (z - 0) and 6 kmi (/ -6)
120-

* -__ __ - - A T

h~nitl, i . Ip'4drlt Kt'jhs 4enith Dowc'n-dard Poih,

Ei H I

g0 .2 km .,~I1tt'

70 .994 110 tD6

60-7$ .959 10)5 1.012

7 6 Y857 104 1.013N
77 955 t0i 1.016

4078 .981 102 1.tt19
79 .979 t0t 1.022
AD -975 100 1.027

20-t1 .969 99 1.034

52 AI6 95 1044

2.5 ZNIT AGLE 675 I .950 - 97 1.059.4 84 .)4 .01

Average~~~~90 r9iac tlrec r19)L*,-) o
fitC.6km 0,te 26 .86 94 478.2m2

th0 35 peren 4or path 7ro 70t900n 1
he ~ ZEIT ANbove eqaton woe Delodfrapandegrees.

parallM. Atmorpheraine R ifefranctionand eart c ratre

Eareth worvaigured E owever, anore pwdaddo wrdfor paths berom e 80 to d 10 degr Thes itisaproprIstes
paths ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~te o3 mih ewe ioeesadgon eete t oputenth frelative afromass to ompare 0P to 110.Th

'rMeta pathv lequahtion s afectdveoed tor a sinilant abresolt.ims a optd n q 29 nert
effiten bwearth cgnrvatuoevre ouwr and rerctodorwhelngerd iopth from 00 to 60 kmdVlusgfrelaies atirmss andrprithe

slant paths of sight. For theme paths of sight, the Incre- ratios to seco for selected zenith angles from 80 to 100
mental path length Ar Is computed from Eq. (2.19). degrees are given in Table 2.8. Use of seco to obtain Ar

for a 6 kilometer altitude increment introduces an error of
As Indicated earlier, the Ar for a constant Az Is + 1.1 to +4,5 percent for 80 to 85 degrees zenith angie

shorter at altitude than at ground level for upward paths at and an error of -1.5 to -6.3 perccnt for 95 to 100 degrees.
zenith angles greater than 70 degrees, and longer at This is small enough to be neglected. However, at 87
ground level than at altitude for downward paths of sight degrees the error is + 11.6 percent and at 93 degrees the4
leos than 110 degrees In zenith angle. The ratio of the error is -20.2 percent.
Incremental path length at ground level and 6 kilometers
for these paths Is &Iven In Table 2.7. The Ar values were Checking back Into the computations we found that
computed from Eq. (2.19) for a refractive Index appropri- the contribution to DWz at zenith angle 87.5 degrees is
ate for a wavelength of 700 nm and standard atmosphere large at high altitude, essentially all of the second term,
densities. There Is no ratio for zenith angles 92 and 91 Whereas at low altitude the radiance difference at 87.5
degrees mince at theme angles the path of sight does not degrees is less relative to the other zenith angles so that it
intersect the surface of the earth due to earth curvature, comprises only 18 percent of the second term or 10 per-

cent of the total, The contribution of the radiance
The Ar at the sensor position Is equivalent to .secO. difference at 87.5 degrees is probably the most question-

It is the Ar at the beginning of the flux path that departs able part of the evaluation of the distribution function
from aeco by the ratios indicated In Table 2.7. These DWz. Thus the uncertainty of DO6kW is on the order of
ratios Indicate the maximum error In using sece for these 23 percent and of D(0.2kin) is 10 percent.



Table 2.8. Comparison of relative optical airmass, m, (z,O)/mr (z.0)
to secbl (computed using A~z -30 meters for vertical path of 6 kin).

UPWARD PATHS OF SIGHT DOIWN WARD PATHS OF SIGHT

Zenith ZenithI

Angle Relative Angle Relative
0,Airmane Ratio 01~ Airmans Ratio

so 5.759 5.694 1.0ll 100 5.759 5.145 .98S
is 11.474 10-982 1.04$ 95 11.474 12.244 .937
87 19.101 17.121 1.1 16 93 19.107 23.939 .798

3. SOLAR ALMIJCANTAR The sun scalar irradiance and the transmittance can
be expressed as a function of the sun irradiance out of the

3.1 Sky Radiance atmosphere e.(o) as follows

The almucantar is the part of the sky at a constant i 1
zenith angle, all azimuths. The solar almucantar Is the sky 3t(z )T (z,9,) - tg- -x ~ r rOr 36
at the zenith angle of the sun 0,~ The sky radiance In the " £

solar almucantar is the path radiance out-of-the-
atmosphere to the sensor at altitude z. The sky radiance The two integrals can be combined and expressed in terms
can be expressed as of the limits -o to z which is equivalent to the total

transmittance, thus

L!:(z,e3,,O) sfL.(z1,83,O) T, j(z,8,)dr . (3.1) j6ZI) T', (:,0) - 4E(O) T,.(Z,O,) - 4.(:) (3.7)

Now substituting into Eq. (3.5), the sun irradiance can be
The path function Lo(zAAS,) can be expressed in taken out of the integral and we get

terms of a sun component, a sky-terrain component and
an emitted componentL:(, 3 )/e)- [((z) Cz]d, (.)

f~z83 'a [(-z# + C~z)cz(3.8

The quantity in the square brackets is a function of
+ f L(Z,8',iV)o-(z,*')dfl+L* Wz . (3.2) altitude and not of zenith angle, therefore

or [u(z.#l + CWzJdr

L.(zG~sk) + C(:z)(o'(349)

+ a 034](3.3) where m..(z,95)/m.(z,O) is the relative optical airmass at
0,. For altitudes up to 6 kilometers we can use the sea

level value for sun zenith angles 0 to 86 degrees so for
Let the last two terms be designated by the function CWz convenience we will shorten this to m%0). Substituting
such that back into Eq. (3.8) we get

CUz) - f L WO,'o(j3)f/gz + L.a(Z) W( . (3.4) L(z,95.i;)/I ,.(z)m(8,)j - [(z43) +I C(z)Idz . (3.10)

"Aht-stitutinS Eqs. (3.3) and (3.4) Into Eq. (3. 1) we get The right hand term can be separated into two parts

Las(Z'0,,4) UI ) 3.z j(z,8,)Co.(z~j,) + C(z,)jdr . (3.5) [J cr(zj3) + C(:)Jdz ..*o'(2'#)dz +f C(z)dz . (3.11)
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Now let us define an optical thickness function T-.(z,/) checking the optical stability. Equation (3.15) can also be
such that written as

T (z,.) - I rr(z,3)dz . (3.12) L " (z,9,101) m (04,)

- T..(2,O) "( ) , + r C'(:)dz) (3.18)
The integral of the optical thickness function over 4

7r is
the optical thickness due to scattering , t..(z)

Taking the log of both sides we get

S.... t.lz) - .(z,8)dfl (3,13) Ioa[L(zO.S,)/m(8S)j - m(o) logT..(z,O) + 0o5A (3.19)

since the optical thickness due to scattering is the integral where
of the total scattering coefficient with altitude

(3.14)4- s,(oo) [.(zq) + C(z)dz]l (3.20)
st..: W S (2)dz .(0.14)

*For an optically stable day, A should be constant for
a given angle from sun. Thus the sky radiance at a con-

Substituting Eq. (3.12) into Eq. (3.10) we get stant P3 in the solar almucantar can be used to obtain the
beam transmittance when measured over a large range of
airmass values on an optically stable day, A semi-log

L:.(X,9,, )/(1 [Wz(:)()] - r.(:,P) + C(U) , (3.15) graph of log[L: (z,I 8,,)/m( %)] versus airmass would be
linear with a slope of log transmittance and an intercept at
logA, The transmittance obtained from the sun radiance

This is the basic equation for the radiance in the using Eq. (3,17) and the transmittance obtained from the
solar almucantar and how it relates to the sun scalar irradi- sky radiance in the solar almucantar are then averaged to
"ance, the optical airmass, the optical thickness function obtain the most accurate value.
and one additive component defined by Eq. (3.4). Tashenov (1970) used this method with measure.

ments of the solar aureole to obtain spectral transmittance
3.2 Optical Stability in the region 410 to 735 nanometers.
Transmittances from Solar orTranurittmncentfrrmRSoiarcor Tests to Determine Optical Stability
Solar Almucantar Radiances

Pyaskovskaya*Fosenkova (197/0) outlines two tests
The atmosphere Is considered to be optically stable Pakvky.eekv 17)otie w etfor optical stability as well as a unique equation forwhen the atmospheric transmittance does not change with transmittance which is valid only/for optically stable days.

time. When the day is optically stable, measurements of
the apparent sun radiance 5L.(z,P,,0) made over a large The first test is to graph for a constant scattering
range of sun zenith angle can yield a good measure of angle the ratio L(z,9,,3)/1,(z)m(0,)] versus m(o,).
total transmittance T%(z,O) and the inherent sun radiance As can be seen from Eq, (3.15), if the day is optically

stable the right hand term is constant. Therefore this
graph should result in a horizontal straight line. That is,
for an optically stable day3 L. (:.Os ,0) - 3 L, (cc) T. ( ,0) . (3.16)

Taking the log of both sides of Eq. (3.16) we get L:.. ( ,)/[3,(z)m(9 3 )] - 8 (3.21)
where

lot L,(x,9,,0) - log aL 0 (oo) + m(%3 ) log T.(z,0) . (3.17)

B - t.(z,#) + J C(z)dz . (3.22)

Graphs of apparent sun radiance on semi-log paper of log
apparent sun radiance versus airmass yield the typical The second test for optical stability is to graph the
Langley (or Bouguer) graph where log inherent sun radi- ratio L. (z,,,#)/,t (z) versus relative airmass for a con-
ance is the intercept and log transmittance is the slope, stant P3. The graph should result in a straight line going

Variations of Eq. (3.15) give both another method through the origin on an optically stable day. To under.
for obtaining the total transmittance and several ways of stand this. Eq. (3.15) is rewritten in the form
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L:z.lf,#s,)l.(:) - m(as) . (3.23) spurious sun reflection. Sky radiances near the sun are
difficult to measure unless the sun can be occulted. For
example, recent tests made with the C-130 sky scanning

The B is now the slope and the intercept is zero. photometer indicate spurious sun reflections in the meas-
If the day is optically stable a graph of solar almu- urements at scattering angles 0 to 25 degrees from the

cantar radiance at a constant scattering angle versus air- sun.
mass will yield a value of transmittance as follows. If we To Illustrate the use of the above tests for optical
write Eq. (3.21) In the form stability and to test for spurious sun reflections in a sky

radiance photometer, we will use a set of data containing

L. (z,ejP) - 4.(-) T.(:,0) (0s) m(03) a (3.24) measurements with a solar transmissometer, a sky scanner
and an irradiometer. These measurements were made
from January to September 1964 from a platform on the

and differentiate (only the sky radiance and the air mass roof of one of the Visibility Laboratory buildings at Point
are variables, the Inherent sun scalar irradlance, B and the Loma, The solar transmissometer measured both the
transmittance are constant), we get center sun radiance and an aureole radiance 0.573 degrees

from the sun center. The general procedure was to make
a set of measurements at each 10 degree increment of sun

dL- (2,0,8) zenith angle and at noon.

8 S6(o.)T,.(z,0) ' d m(6S)(l+m(83)1nT.(z,0)] . (3.25) The photometers were fitted with four optical filters
so that there were two narrow filtered-sensor passbands
and two broad passbands, The two narrow passbands had

* Equation (3,25) is only valid when the angle from sun Ii mean wavelengths of 459 and 661 nanometers, the photo.
constant, the vertical transmittance from space to sensor Is pic piasband had a mean wavelength of 560 nanometers,
constant and the day Is optically stable. Setting and a fourth broad passband represented an unfiltered
AL' -(s,, ,04) equal to zero and rearranging we get sensor with a mean wavelength of 505 nanometers. Rela-

tive spectral response curves for these filters are given In
InT.(U,0) - -i/m(G;) (3.26) Appendix A.

A graph of the apparent center sun radiance as a
function of relative airmass for the afternoon of 2 Sep.

w Iu twhre f oten angrah o lre Is a max- tember 1964 is given In FIg, 3-1, The straight lines for
Simum, Therefore a graph of solar almucantar radiance at each filter are the result of least squares fits to the data,
a constpnt angle from the sun versus airmass will Increase The correlation coefficients were high, equal to or greater
and then decrease with the maximum at m(%•) when the than 0.99 and the day Is apparently optically stable. The
day ie optically stable, If the curve i reasonably well least squares transmittances are noted on the graph.
defined with sufficient airmasa values, a reasonable
transmittance value can be obtained. It can also be used
as a third test for optical stability, The values or transmit- 10' -H MEAN

tance obtained by means of Eqs, (3.17), (3.19) and (3.26) WAVELENGTH

should be in agreement on an optically stable day. SYMBOL (nm) Two(0,0)

Pyaskovskaya-Fesenkova (1970) describes an lnstru- 0 459 .738
ment for measuring the quantities in the preceding equa- - S05 .78.1
tions. It is essentially a radiance photometer with a three . 560 .1121

dege field of view for the solar measurement. For the 0 661 .866

aureole meusure. nent a two degree to three degree circular
zone is used, Her article also Includes a theoretical test of
the error in obtaining transmittance from the sun radiance
when the aureole In the three degree field Is necessarily a
part of the sun radiance measurement. She concluded the
error to be negligible.

3.3 Miethed of Determilnlg Spurious Sun Refletance

Pyaskovskaya-Fesenkova (1970) also indicates that
the two methods of checking for optical stability will
falsely Indicate Instability if reflections in the radiometer
telescope are not negligible.

Conversely, once It is established that the day is opt- RELATIVE OPTICAL AIRMASS, m (0,)

ically stable, the above tests for optical stability can be Fl. 3-1. Langley graph or measured apparent center sun radiance
used to test whether a sky radiance measurement contains for 2 September 1964.
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SQlar Almucaniur at 55 deirees Since D(T) is a constant for a filter and fl, is constant for
any given day, the two tests can now be made using

In order to be certain to have an almucantar sky Eqs. (3.28) and (3.30) instead of Fqs. (3.21) and (3.23).
radiance measurement without sun reflection problems, an
angle from sun of 55 degrees was chosen. The sky Fig. 3-3 coniains the appropriate graphs for the two
scanner data are for a fixed set of zenith angles and tests. Although not perfect, the data in Fig. 3-3a is rea-
uimuths (AS and A# - 5.625 degrees). Therefore the sonably represented by a horizontal straight line. Simi-
almucantar radiance used is from Interpolations to the larly, the data in Fig. 3-3b are reasonably represented by a
zenith angle of the sun and to the appropriate azimuth for straight line going through the origin.
# equal to 55 degrega. The example Is done for only
Filter I mean wavelength 459 nanometers. The
almucantar/m() graph versus airmus (Eq. 0.19)) Is
given in Fig. 3-2. The transmittance from the al-inucantar
Is 0.756 compared to the transmittance from the center :Z
sun radiance of 0.738 thus there I f onlym a.4 percent e 6
difference. The average 0747 is consideree the best 5. TEST ONE
measure of the transmittance if the day Is opt'•xlly stable. c4" - 45%nm

lODEQ. 3 .2

T. (0, 0) - .736 4e _ _ _

4,1- 459nmI

0 1 2 3 4 5 6RELATIVE OPTICAL AIRMASS, m (0,)

fig, 3M3a. Oraphs to teat atmospheric optical stability for 2 Sep-
tember 1964, filter I (1 -459 rnm), Test One, E. (3.28),

•. 14
14

0I 2 3 4 5 TESTTWO

RELATIVE OPTICAL AIRMASS, m () 12 - nm

Fig. 3.2. Almucantar radiance to airmans ratio va relative optical 0awrman for 2 September 1964.

Now for the three tests for optical stability. EQ 8(0
Although we do not have a measure of the solar scalar EQ. (.30)
Irradiance ae(0), we do have a center sun radiance
,L..(0,#,,0) which is related to the scalar irradiance by 6

No* - 5L.(0,8,,0)D(M[)l5 , (3.27) 4o

where D(O) is the center to average sun radiance conver- t
sion or limb darkening factor for the filter (see -
Appendix A) and n, Is the solid angle subtended by the
sun for 2 September 1964. If we substitute the center sun , .
radiance for the solar scalar Irradiance in Eq. (3,21) we get 0 I 2 3 4 5 6

RELATIVE OPTICAL AIRMASS, m (0,)

L, (z,9l,,)/tLo(O,9lO)m(#3 )] - 5', (3.28) Fig. 3-3b. Graphs to test atmospheric optical stability ror 2 Sep-
tember 1964, filter I (1- 459 nm), Test Two, Eq.(3.30).

e'IM where
whee'- D() B. (3.29) The third test Is a plot of the almucantar sky radi-

ance graphed against exp[-I/m(9,)] from Eq. (3,26) as

Similarly Eq. (3.23) becomes shown In FIg. 3-4. The maximum sky radiance should lie
at a transmittance of approximately 0.75. Although the
noon value of sky radiance is inconsistent with the rest

L. (z,91,fJ)/,L.(z,9s,) - m(9o) B', . (3.30) (hooks upward near air mass one), and there are no iscas-
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ured sky radiances at the exact 9,the sky radiances can
be reasonably represented by a curve which maximizes at
a transmittance of 0.7 (dashed line), FILTER ýnrn T..(O.O)

____________________________ 1 459 553
120 2 503 36d

- 3 560 .598

I~J2I

0s0o0 .6 0 10VERTICAL10 TRNNI1A

60-. 3..Ameaa k ainea 5 svria rnmtac O

RELAICAL OPTIAL ARMAS, m(9,

Thus we conclude that the atmoephere on 2 Sep- EAIEOTCLARAS n%
tember 1964 lp the vicinity of the Visibility Laboratory fPh. 3.5. Aureole radiance to airmans ratio vo relative optic.. air-
was reaonably stable optically. Also we conclude that mass for 2 September 1964.
scanneir radiances mauy be used to obtain aimucantar Tedt o h he itr okraoal ito nvalues by Interpolation for use In the preceding equations, the doreata o orteftheeicietes lokre 0. onabelth leaand

Now that It is established that the day is optically sQuares transmittances, which are noted on the graph,
stable, we will use these same equations to test for sun vary markedly from the values derived from the sun radi-
reflections In the aureole photometer. ance and the almucantar at 55 degrees scattdrinig angle.

Auoie.hN Ana The two tests for spurious sun reflection using
Eqs. (3.29) and (3.30), fail miserably, see Fig. 3.6a and b.

The solar aureole radiance was measured 0.573 In Fig, 3.6a the 5' Increases dramatically as airmans gets
degree from the center of the sun without occulting the near one Instead of staying constant. In Fig. 3-6b the data
sun. A graph of the ratio of the apparent aureole radiance can be fit to straight lines but they clearly do not go
to the relative airmane versus airmanl Is given In Fig. 3-S. through the origin.

T 12
TEST ONE

+- 2 505

4-(323 6- TEST TWO

2- E(3.30)I 49Or4-+ 2 SOS
3 560

12 3 4' S' 6 0 1 2 3 4 5 6
REAIEOPTICAL AIRMASS, m (0,) RELATIVE OPTICAL AIRMASS, mn (0,)

flg. 341a. Graphs to tetrtspurious sun reflections in aureole Fig. 3-61. (JrAphs to tesi for spurious sun reflections in aureole
reAimnce meuuasursr~e, 2 September 1964, Teat One, Eq.(3.2W. radiance metiurements, 2 September 1964, 'test Two, EQ. (3.30).



The final test is the graph of the solar aureole radi- The last term in Eq. (3.32) can be rewrilten substi.
ae as a function of exp[-l/m(9o)] as shown in Fig. 3.7. tuting in Eq. (3.4) for C(O)
The aureole peaks at transmittances still lower than the
values derived using the aureole and noted in Fig. 3-5. 4,j.., I.
The transmittances from Eqs. (3.17), (3.19) and (3.26) C(z),ddn - [L(z.e',I')or(:Z.')/1,(z)ld11dz df)
are clearly not in agreement. Thus we conclude that the
solar aureole measurements include a spurious sun +,1 IL (X).W)I d n . (3.33)
reflection component in all three filters. S

This integrates to
TEST THREE

SYM FILTER Anm
i4134 0 f 09 C(z)i~dn) (2~)-.)Iiz (2)'W)

I~ 3 60

~~~~~ ÷ I.[.(,/,,] (3.34)

But the first term in Eq. (3.34) can also be written as

I 2114 -, HI

"t-,(.,(z) (3.35)
I I I Ii

0.20 0.40 0.60 0.30 1.00 Therefore combining Eqs. (3,32), (3.34) and (3.35) we getVERTICAL TRANSMITTANCE

IF T.,(0,O) - EXPI-I/n.(9,)r 2w L" (x,.O,,)sln• dP/[=(:~)me)}
1i. 3.7. Solar aureole radiance vs vertical transmittance (Eq.
3.26) for 2 September 1964. 4.

(.(:iua).(ajeb + J(m. (z)/$oW14 - (3.36)
Any sky radiance measurement made near the sun

without occultation of the sun is questionable and should By multiplying both sides by the sun scalar Irradiance out
be tested in some fuhion, The above method appears to of the atmosphere a,(,), this can also be written as
be a valid testing procedure.

This test can be run for the sky scanner used on 2
September 1964 for various angles from the sun smaller 2w L"
thn 55 degrees to establish which scattering angles have
valid sky radiance measurements and which contain spuri.
ots sun reflections. a'+S- f exp ( f a(,)djl.,(,)s.z) + m0 (,)I.,. (3.371)

3.4 Lopus Son Zenith Angile
When the sun zenith angle is relatively large, the No Absorption

solar almucantar contains a large enough range of scatter-
in& anilles so that Eq. (3.15) can be integrated over 41r When there is no absorption the total scalar irradl.
thus ance s(z) does not change with altitude, therefore it may

be taken out of the integral. Also the attenuation
2w L.* (a,@8,P)sindP/I ,.(x)sW(,)J coefficient a(z) is equal to the scattering coefficient s(:).

S* In addition there is no emission thus m.. (:) equals zero.
-.,(:,I)d' + C(z)Odtd (3.31) Making these substitutions into Eq. (3.37) and transposing

m (9,) we have

Substituting in Eq. (3.13) we let

1. "i,(2) + J CWCz)&h di. (3.32) "0(z) f exP 0f8s(z)dr)s(:)m(es)dz .
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For the sun angles whore mG) equals smeG and dr When the integrating nephelometer data are put into
equal, uSc t, now have an Integral of the form eMdu the form of the ratio to the Rayleigh scattering, some of
where u Qual; s Ja:secf~if and du equals szec,. the differences due to wavelength and air density changes
Therefore, we need a large sun zenith angle to get full with altitude disappear. Let us define a ratio QWz as the
coverage of the scattering angles 0 to 180 de!rees but we ratio or the total volume scattering coefficient to the Ray-
need the sun zenith angle to be equal to or less than 70 lcigh volume scattering coefficient jtS W).
degrees so that the airnass Is equal to see#,. These two
requirements are a bit contradictory. Assuming the two Q: U~sz
requiremn ts reasonably compatible at 70 to 80 degres S()R().4)

zenih anle, e cn Inegrae togetSimilarly let us define a ratio ~(4)as the ratio of the
total volume scattering function to the Rayleigh volume

2W L: (z5 5 p oln T. (1,0') scattering function It a(Z,P)

- [s(. 60sI (9)-t 4l (3.39) 2(84) - o()/(a)(4.2)

Transposing the transmittance terms and simplifying we When the scattering function ratio .9(:,P) is graphed
haveas a function of the total scattering coefficient ratio QWz,

a single function reults for each scattering angle 0,
regardless of the filter, or whether the data are ground
level u In Fig. 4.1 or airborne as in Fig. 4.2. All the

21r L- v(a) . (33) Integrating nophelometer data from 1968 through 1980 are
similar regardless of location of measurement or filter.

When there Is no absorption the normalized equili- The superimposed curves are from the catalog of
-brium radiance from-q 2.91 normalized volume scattering functions from hnrenova

)~L,(a*,s)dnl-as (3.40) 1 _____________W_______

Therfoe, Eqs (3.39) and (3.40) Imply that for the solar OPAQUE V OROUflD DATA
almucantar at relatively large sun zenith angles,

- ~m*,a,)/l'w~,9)I. (3.41) tl~tor Symbol

4

3 0

The Visibility Laboratory Integrating nephelometer
wus first described In Duntley et .1. (1970). Measure. 10o'
ments weoe madel on the pround and airborne by the Vil-i
biflty Laboratory with this Instrument from 196 througp
1975 In locations in Thailand, the continental United

State.s and In Europe. From 1977 through 19800 similar
measourements were madle In Europe with a comparable
foled path Instrument described In Duntley et aL. (1975).

The Integrating nophelometer meassure three 1001
sciattetilag properties: the total volume scattering coefficient ot, P
s(s), and the volume scattering function 4o(r,p) at 30 andOTIASCfRNG AIOQ()
150 degreescattering angle. Measurements between
191 uAn I190 were made with various narrow and broad M ASCTEIGR IOQW

band spect"a sensitivities In the visible spectrum and very Fla. 4-1. Comparison of multi-spectral volume scattering function
am IfrutI, ithman aveenth frm 41 to765 ratios measured by Visibility Laboratory around-based nophelom-.
nearinfared wih men wvelnthafro 478to 65 star with the photopic ratios from Darteneva (19W0).
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103-'(,# was Computed arid the curves in Figs. 4-1 and 4-2
graphed for the Bartenevu data.

METRO AIRBORNE DATA All the Visibility Laboratory nephclomicter data for
total volume scattering and the scattering functions at 30
and 150 degrees agree with the Barteneva catalog of gra-

Filter Symbotl / dual functions. Thus it has been assumed that thc Biar-
2 it teneva catalog is appropriate for specifying the directional

102", 4 lotscattering for all the scattering angles 0 to 180 degrees for
3 various sensors In the visible spectrum in the troposphere.

The further step of representing the catalog by equa-

full analytic representation in the form of Henyey-

liorensths een maden is pohnsente and Hering (1981b). n-

Fig,4-4forthesteperclasses,

Isa-curve registered at Mt. Elbrus. :
I - Rayleigh function for pure dry air;

~ 1.0 P 2. class 2, general type.

OPTICA 3.TBIORTI.Q()~ clan 3. gradual type, etc.

Fig. 4-2. Comparison of multi-spectral volume scattering funct ion ~
ratios measured by Viaibility Laboratory airborne naphelometer
with the photopic ratios from Dartenova (1960).

4.2 Bhavtevea Catalog
Darteneva (1960) provided a catalog of normalized 30 90 ISO

dIrectional scattering functions o(B)/, for the photopic SCATTERING ANGLE, ti
sensor base upon 624 meaisurements made with a Fi.43Nomlzdvuesctrngfcin rgaul
nephelomeiter during 195S through 1958 In various la cl.l4 Nralwse vrolmeFg scatterneg fuctonfo0 gada
tions In the USSR and at sea. For each volume inciatterlngclsefomFgIBatnv(90)
function the gives a range of total volume scattering
coefficent appropriate to that function.

The range at total volume scattering coefficients Is 3'. class 5, $teep type;
from Rayleigh to heavy fog, for ground level. Her catalog 1.0 6' class 6, %teep type;
of gradual functions, clamss I through 10, are appropriate 6'' -class 6, steep type with peak, etc.
for very clear to heavy haze, but not fog. This range ofr
functions Is applicable to the troposphere under conditions V
appropriate for flying using visual flight rules, This also0......
describes the conditions under which the aircraft flew dur-
ing the Visibility Laboratory data missions. Since the
ground-besisd data were taken In conjunction with the\K.. -'

flihtsu, theseurns conditions are also appropriate for the .....
grouind~beaged data..0

The Dlarteneva catalog was first Interpreted In terms "' , ,

of the median total volume scattering value for each 2 *-

scattering function class Then the ratio Q was computed 30 90 1S0
for theue median s values. Similarly, the value of the SCATTERING ANGLE. 9
median volume scattering function or(0,p) for 30 and 150
degrees was computed by multiplyIng the normalized func- Flg. 4-4. Normalized volume scattering function for steeper
tions by the median s values. Then the ratio to Rayleigh classes from Fig. 2 Barteneva (1960).
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4.3 Average Volume Scattering Function at 5SS L*(ZAY55 P) - Stie(O~~.S)

The average normalized volume scattering function + 1L~z.0',ý6',tz.Ujdf1 + L.a Wz (4.7)

Iwp1jdl .d(Il - 01r(4) - .0 (4.3) Substituting Eq. (4.6) into Eq. (4.7) and assuming the
sky-terrain or diffuse scalar Irradiance OW(Z is Isotropic we
&at

The Rayleigh normalized volume scattering function can
be computed from the approximationL(z95()- (zs)/4)

-~~~ d(' W1m~)(w (4.4 + L.~: W (4.8)

Equations (431) and (4.4) were combined and the ensuing Since the total scalar Irradiance Is the sun plus the sky.
equation solved to obtain the scattering angle at which the transaa raine q 48 a ewitna
Rayleigh normalized volume scattering function is equal to
the average value of 1/4w. It was found to be 55 degrees L.(z,0.5S 0) - 0:(01s)(40) + L *a ) . (4.9)

'a(SS)/It - 11(40 (4.5) Dividing both sides by the attenuation coefficient and
expressing the emitted path function according to

The graphs In Figs. 4-3 and 4-4 are marked at Eq. (2.7) we get an equation for the equilibrium radiance
scattering &Wge 55 degrees and at the normalized volume
scattering function equal to 0.06. Prom these graphs we L9((0,55 D) a 4(z)sWa/(a(r)4r1
see that the scattering anol of 55 degrees yields a reason-
able appoximation or the average volume scattering func- + a(:)L('T)1a(2). (4.10)
tion for all the scattering functions except the gradual
cisae" 9and 10, that Is, This can be expressed In terms of the single scattering

albedo, w (from Eq. (2.39)) as
43(35)/ - 11(40) (4.6)

In reviewing the graphs of measured nephelometerL(aeS )-ade:/()
data, It Is noted that none of the total scattering coefficient+ -d)o, .(.1

ratlee OWx exceeded 100. That Is, gradual classes 1
through I IQ($) - 1141 were encountered but never 9 or The general equation for the horizon sky radiance at
10 IQ(9) - 201 and QUO0) - 2371. Therefore for model- 55 degrees scattering angie from Eq. (2.57) Is
In& the atmoopheres measured from 1968 through 1981 In
thop visible spectrum, It Is reasonable to use Eq. (4.6) asL:.05 -L(9 r
part of the model assumptions. q 53i-,(.0j.(.2

4,4 Moe fOean igeBteisAieoTherefore from Eq. (4.11) the horizon sky radiance at 55
hoes Houses Sky dgesi

Rossalor and Faxvog; (1981) developed equations
for the horizon sky luminance as a function of the single L!: (0~0,55(3)
scattering albedo after assuming both an Isotropic scatter- (w,(sW:()/(41r) + (1-w(vz)]L(AT)1l-T..(:,90)l (4.13)
In$ function and an Isotropic luminance distribution. The
technique can be made more generally applicable by Th abv eqtin sums htteatnaio
deelpnglte ofS equatios fro r the hoiznatasntern coefficient Is horizontally isotropic and therefore the hor-

angl of 5 dereefromthe un.Izon sky must be cloud free,

Horizon Sky at 55' from Sun

The equation for the path function at 55 degrees Vsbe§ tu
scattering angle can be expressed as a function of the sun In the visible spectrum L (h, T) Is negligible. Also
component separate from the sky-terrain component in a for the photopic at sea level rT(0,90) Is negligible and
manner similar to Eq. (3.2) Eq. (4.13) becomes
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L. (0,90,S5S0) - w(0)g(O)/4,t (4.14) Sky Radiance Ratio at 550

For sky radiance at 55 degrees scattering angle, the
Thus the single scattering albedo w can be determined by inherent radiance L0 is equal to zero and Eq. (4.20)
measuring the horizon sky at 55 degrees and the total becomes
scalar Irradlance at sea level

L*.0(Z'Y,55 IP) - jz#5/•[ T(z.0)] . (4.21)
(0() - L. (0,90,55 #)4u/. (0) . (4.15)

Now when 55 degree sky radiances at two zenith
Since this Is an approximative method, the precision level angles 0 and 0' are ratioed. since the equilibrium radiance
of the resultant &(0) is not expected to be high. How- is equivalent, the sky radiance ratio is solely a function of
ever, it can still be quite useful u one measure of the sin- the scattering transmittance
lie scattering albedo.

When there Is no absorption w - I and the horizon • • ,
sky should equal the average scalar Irradiance (0)/ (4r) .)

- 11 - s T.(,,O)m(O)] / 11 - 1 T..(,O)"Ie')] . (4,22)

L:."(0,90,5S) - .(O)l(4w), (4,16)

Although Eq. (4.22) cannot be solved for directly, it can
be solved by iterative means. Error analysis indicates that

4.5 MOWe of OMbaling Scattering Trammlttance the zenith angle difference 9 - 0' should be large to
kmem Sky Rolhmee Ratli at 55 Degrees minimize the error in the resultant vertical transmittance

When absorption Is negligible, the general equation
for the equilibrium rdianc at 55 degrees scattering angleEq. (4. 11) reduees to Visible Smetrum

OCOO )- o/ . (4)In the visible spectrum, absorption is negligible
except for ozone. The total transmittance in the visible
spectrum would thus be approximated by the product of

Also when absorption Is negligible the total scalar Irradi- the scattering transmittance times the ozone transmittance
atice e(s) Is constant with altitude, therefore the equili-
brium radiance at 15 degrees is also constant with altitude,
Rearanging the eqluilbrium radiance form of the equation T..(:,0) - . (2.0) a T..(2,O) (4.23)
of trander Eq. (2.17) we gei

To illustrate the use of Eqs. (4.22) and (4.23), we
IL(1,,SS P)-1,4(a,e,S5 A)]-t dL (I,',S5 0) again refer to the sky radiance and solar transmissometer

- -s(z), (4.181) data taken on the Visibility Laboratory rooftop In 1964.
The atmosphere on 2 September 1964 was optically stable

where the total scattering coeficlent s(t) has been substi- during the afternoon as illustrated In Section 3.3. Thus
tuted for the attenuation coe1ofent since absorption is evaluation of the scattering transmittances throughout the
nelligible. Since the equilibrium radiance is a constant afternoon should give us an estimate of the precision of
Eq. (4.16) can be integrated with respect to altitude the estimation method for broad band sensors In the visi-

ble. Equation (4.22) was evaluated for all sky radiances at
55 degrees plus or minus 2.5 degrees scattering angle for 9
from 81.6 to 64.7 degrees and 0' from 64.7 to 2.8 degrees.

IL (a,e,$S l)-L 9 (s,0,55 p)]-" dl4U.0,5 0) Later error analyses indicated that some of these zenith
angle combinations are less error prone than others.

-4- s(:)dr, (4.19) Hence, the averages in Table 4.1 are less accurate than can
be obtained with a smaller yet better selection of zenith
angle combinations. However, they are presented herein

The result of the integration is as a first approximation.
The transmittance ratios in Table 4.1 are the

L, 405 ).L(:,,U1055 0) sT, (s,*) transmittances based on Eq. (4.22) times the ozone
transmittance divided by the transmittance from the solar

+ Le(*.e,55 0)11 - sT,(z,0)l (4.20) transmissometer. The ozone transmittance Is noted at the
bottom of each column. The transmittance comparison is
best for Filter 1 which Is a relatively narrow band filter

where , T,(O,9) is the transmittance due to scattering. with the least absorption. The near noon data compare
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Table 4.1. Comparison of transmittance determination procedures
(sky radiance ratio method vs solar transmissometer).

Nominal Sun TOTAL TRANSMITTANCE RATIO
Zenihth Anglea (From Pq (4.22. and 4.33) and Solar Tranaimlaunmeter Measurements)

Filter I Filter 2 FI'lter 3 Filter 4~ ~-459 am, $-05a Mis -6 5am MR 61 n

24 .934 ."91 .194 .9W0
30 .944 .193 .194 .903
40 1.043 1.011 1.010 1.031
so0 1.043 11013 1.041 1.047
40 1.0114 1100 1.031 1.044
70 1.030 1,014 1.042 1.050
so 1.002 A99l 1.0)1 1.045

Av* .05.975 .99S 1.004

Dinlallen .043 .037 .069 .070

*T , (0,0) .1111 .9611 .11119 .971

least well. The accuracy Is probably sufflicient to warrant IA,,P) -L~.(~,~ 1 ()( 3 J. (4.25)
futrther development or the method to Improve the Preci-
lion level. If we have In the almucantar a large enough range

Use of sky radiances at 55 degrees scattering angle of scattering angles, both sides of Eq. (4.24) can be
should be an Improvement on the sky ratio method Integrated over 4w and Eq. (3.13) substituted In to obtain
described In Dtantley .1.1. (1972) Section 2.1 and in
Duntley .1.1. (1971) Section 2.2. That method, which
dtammed from the nomographic method of Kushpii' and 21T f ,dz,) sinP dP - it ta(z)+ 14t.(z)
Petrova (1971), used sky radiances at~ali scattering aniles.
Kushpll' and Petrova (1971) suggested use of ratios at 5
57.2 degrees scattering angle for the visible spectrum and + 2w J C(s)dz sinp dp. (4.26)
33.9 degrees for the near Infrared portion of the spectrum -

but did not give a theoretical basis for the nomograph or
for the selection of these angles, where it t. Wr Is the Rayleigh optical thickness and m raa(ZW

is the Mie optical thickness, The last term in both
4.6 Method of Obtainas Asmoel Optical Thickness Eqs. (4,24) and (4.26) is the diffuse component due to the
rumlivnSar Alemuantar contribution of the relatively non-directional sky, apparent

terrain radiance and emission. All the equation. up to this
The basic equation for the sky radiance in the solar point are not approximation. and hold for an atmosphere

almucantar Eq. (3.15) can be rewritten expressing the opt- with or without absorption and/or emission. Thus, they
leda thickness function In two components, the Rayleigh or are equally as valid In the infrared.
molecular 1tvua,P) and the Mi le .r.(:,P) Livahits and Pavlov (1970) make the assumption

that In the photopic or visible portion of the spectrum, the
L.0 sky luminance or radiance in the almucantar for scattering
L.(a9 1,) /(~e~~m(,)Jangles 90 to 180 degrees Is essentially a function of the

Rayleigh optical thickness function and the diffuse corn-
- t7rn0.0 + Alv.(8,P) + JCW&) . (4.24) ponent, and that the diffuse component Is the seine for 0

- to 90 degrees as it is for 90 to 180 degrees scattering
angle. This assumes homogeneity In the almucantar and

For simplicity the left hand ratio is defined as a function thus is limited to cloudless skies. Thus since the Rayleigh
~&(u~p)scattering is symmetrical about 90 degrees

-26-
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Now we can express the Mic optical thickness function in
212w J ,P3) slnpdp] terms of the Mie optical thickness by rearranging

Eq. (4.31)

-t.( )+ 21r' J' C(z)dzs~n# diG . (4.27)0 W Mr_(z.55) -- Mt_(z)/(4Yr) .(4.32)

Also it follows that the Mie optical thickness is the integral Using the same rationale as Livshits and Pavlov
of the forward portion of the function less the Integral of (1970), that the angles 90 to 180 degrees in scattering
the back portion angle describe the diffuse and Rayleigh components for

the angles 0 to 90 degrees, we can say that

,vMt).. 21r A, P,(,) sinp dpe I,.

N ((z,180 - 55) - r..•,(,55) + C(z)dz . (4.33)

- 2W Y 1:.P1 sInPdo. (4,28)
Also from Eq. (4.24) we have

LiUvhitaand Pavlov (1970) also obtained the total (USS) - M.U.(,SS) + .(,55) +f C(z)d: (4.34)
optical thickness t.(z) from

t.W(z) - tw(g) + Mt,.(W) +a t.() (4.29) Subtracting Eq. (4.33) from Eq, (4.34) we get

where .t.(s) is the optical thicknesa due to absorption, mr.(Z',5) -(z,55) -M(Z,125) (4,35)
They obtain the Rayleigh thickness theoretically, and
mums the absorption is primarily due to ozone in the Now combining with Eq, (4.32) we get
visible wavelengths. Ozone absorption was assumed to be
the yearly average value for a &iven wavelength, They got
good comparison to total optical thickness values obtained Ar..(U) - 4w[( Az,55) - A(z, 125) ] (4,36)
with the Langley or Bouger method for short wavelengths
where there are no other absorption bands, They did not The solar almucantar contains both 55 and 125
compare as well at the longer wavelengths. We suspect degrees scattering angle for sun zenith angles 62.5 to 90
absorption other than for ozone in the longer wavelengths degrees. Thus for these solar zenith angles a measure.
In the visible rather than an error in the aerosol optical ment of the scalar sun irradiance and sky radiances in the
thickness, solar almucantar at 55 and 125 degrees from the sun

would yield a measure of the Mie optical thickness
Scattering AnI9all * Wthrough the atmosphere. As long as the sky radiance dis-

tribution shows brighter areas 0 to 90 degrees than 90 to
The disadvantage of Eq. (4.28) is the need for a 180 degrees, this scheme will work. Equation (4.36) also

large sun zenith angle so that a large range of scattering is valid when atmospheric emission is present as long as
anlWu are available in the solar almucantar radiances, the emission does not swamp-out the directional scattering

Since the ratio of the volume scattering function at effects.
55 degrees to the scattering coefficient is 1/(41r) for the
Rayleigh and the total scattering (Eqs. (4.5) and (4.6)), it Alternate Expression
must also be l/(4wr) for Mie scattering as wellI An alternate expression for obtaining the aerosol

optical thickness from sky radiances when no sun scalar
,crJ(5,SS)/R5(5) - a(z55)/a(z) irradiance measurement is available can be developed.
- Uu1(:,SS)/Ms(s) - 1/(41) . (4.30) Substituting Eq. (4.25) into Eq. (4.36) and rearranging we

get

Thus the ratio of the optical thickness function at 55
degrees to the optical thickness must also be l/(4r) for t.(Z) - 4w'[ L. (U,03.55 0)
each component a well as the total scattering - L"(zY 3 ,125/)] / [s(z)rn(9s)] . (4.3")

(,)l. - i.(z,)/,t..(z) The sun scalar irradiance can be obtained from the

- M..(', 5.5)/v.(1) - l/(4wr) (4.31) average sun irradlance out-of-the atmosphere Ji(oo) by
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()- ,i(oa) T,,0)(z .OV" 1 (,p/;) 2 , (4.38) values of and basis for the scalar sun irradiance out of the
atmosphere X-(ao), the Rayleigh optical thickness and

where *' is the angular solar diameter for that date and T ozone optical thickness are given in Appendix A.

the average angular solar diameter. Also the total The total optical thickness _.(0) and total transmit-
transmittance can be expressed as a function of the com- tance T".(0,0) from the solar transmissometer are given
ponent opticpl thicknesses from Eq. (4.29) for each filter in Table 4.2. The ratio of the optical thick-

ness derived using Eq, (4.37) to the solar transmissometer
value Is given in column 4, and the ratio for Eq. (4.40) in

T.(2,0) -exp[ -,t.(Z) - Mt.(:)- t.W()]. (4.39) column 5. Similarly, the ratio of the derived transmit-
tances to measured values are given in columns 7 and 9

Substituting Eqs. (4.38) and (4.39) into Eq, (4.37) respectively. The values compare well for the first 3 filters
and rearranging we get and less well for filter 4 meanwavelength 661 nanometers,

although even there the transmittances are within 2 per-
cent. Livshits and Pavlov (1970) similarly found closer

Mt-(U)exp[ -Mrf(.)m( 1) ] comparisons at the shorter wavelengths for mono-
- 4w [ L." (i,9j,,5 9) - L,• (a.s,12S#)] chromatic measurements.

Thus the shorter method, using the atmucantar at
/[r(o)m(,)(*f/1;)2 exp(-m(s)[ 1 + a1.(z)])l .(4.40) 55 and 125 degrees with or without an independent sun

Irradlance measurement, appears to be valid for narrow

band and broad band sensors in the visible spectrum.
Equation (4,40) cannot be solved directly for the aerosol The alternate equation Eq. (4.40) is particularly use-
optical thickness but by interative means it is readily ful with airborne scanner data where independent meas-
obtained. It assumes a reasonable estimate of absorption urements of sun irradiance are not available. This method
optical thickness can be made such as assuming only was used to obtain the aerosol optical thickness for flight
osons absorption in the visible or that a value can be C-466 airborne data at 6 and 0.2 kilometers for use in the

obtained through use of Program LOWTRAN at other example in Section 2.4 Tables 2,5 and 2.6,
Wavellnflths, Since this is an approximative method, the resultant

aerosol optical thickness precision may not be high, but
YIdaloin td1Wies the resultant transmittances have high precision as can be

seen in Table 4.2. The method requires an unobscured
The two methods of obtaining the total optical thick- sun and cloud-free sky at 55 and 125 degrees from the

nm and hence transmittance from solar almucantar sky sun in the almucantar.
radiance. at 55 and 125 degrees using Eqs. (4,37) and
(4.40) with Eq. (4.29) were tested using the 1964 Visibility
Laboratory rooftop data previously described in Section S SUMM RY
3.3,

The scanner radiance grid included almucantar Some implications of the equation of transfer as it
measurements within :0.7 degrees for all four filters for relates to a scattering and absorbing medium have been
the 2 September 1964 nominal 70 degrees sun zenith explored. The major implication is that a measurement of
angle data packages. The solar transmisometer value of the 41r radiance distribution can yield a great deal of Infor-
transmittance was used in Eq. (4.38) to obtain the value mation about the atmosphere both in the visible and the
of scalar sun irradlance s.(z) for use In Eq, (4.37). The near infrared. If the solar almucantar is cloud-free the

TaMe 4.2. Comparison of transmittance determination procedures
(solar alumcantar radiances vs solar transmissometer).

TOTAL OPrICAL THICKNES t,(:) TOTAL TRANIMITTANCE Tr.(0,0)

11116, Mon
Numer wavele h 'Derived to M1.1 Ratios 'Derivd to Mss.' Ratios

Numle K ]nm TftlumIolmtor Ttaiaamuomotor
MIuoenumnt Using Using Mmursmmont Using Using

Sq. (4.37) Sq. (4,40) S1. (4.37) 1 (4.40)

I 4$1 .29 .% 95 .743 1.01 1.01
2 so .24| 1.02 1.03 .756 94 .99
3 so0 .23m .03 1.0. .119 1.01 1.00
4 641 .143 .1O .A .167 102 1.02
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APPENDIX A

OPTICAL AND RADIOMETRIC passband 8h. Similarly the radiometric units for radiance
CHARACTERISTICS OF SELECTED of W/sr m 2•m are obtained from units of W/sr m2 by
BROAD BAND SENSORS dividing by the effective passband.

The broad band sensors referred to in the text arc
multipier phototubes with spectral filters interposed lnherent Sun Properties
between the sensor and the optical signal. The combina- The broad band values of sun Irradiance out-of-the-
tion of the sensor sensitivity SA and the filter transmit- atmosphere at mean solar distance j(-) are obtained
tance T, is the resultant sensitivity of the filtered photo- from the spectral values of Johnson (1954) Vo(o,k) by
tube $A Th. The standard responses which each optical
system attempts to duplicate are indicated as K'T'. These
relative spectral response values are normalized to the 1100
peak value. 51 s 0 / , (M

AVIZ Filters The spectral average inherent sun radiance Tr (A)

The relative spectral response values for the AVIZ was computed from
Filters 2 through 6 are graphed In Fig. A-i and given In
tabular form in Table A.l, Filter code 9 is the true photo- so (k) - J(oo ,) / as (A.4)
pie response; it is Included in Table A.I for comparative
purposes only. The AVIZ fliters are applicable to airborne
and ground-based data measured by the atmospheric vlsi- using the mean angular subtense fl, of 6.819E-5 steradi-
billty branch of the Visibility Laboratory between 1970 and ans based on a mean solar distance or 1.495E8 kilometers
1978. The multiplier phototubes used had an 5-20 spec- and a mean solar diameter of 1.393E6 kilometers. The
tral response. spectral center sun radiances ,Lo(X) were computed using

the spectral limb darkening factor D(W) based on the limb
darkening functions of Minnaert (1953)

(.0)- 4S E(0 / D(,) (A) 5)

0.6 Equations similar to Eq. (A.3) were then used to
obtain the broad band inherent sun radiances from the

0,4 spectral values.

o 0o2
0 .Rayleiah Atmosphere Properties

WAVELENGTH, (h,nm) The spectral values of the Rayleigh total volume
scattering coefficient Ris for sea level, 15 degrees Celsius

Fig. A-1. Standard spectral responses for AVIZ filters. are computed from (Eq. 14 from Penndorf (1957)),
Peak Wavelengths are: 2 - 475nm Blue, 3 - 660nm Red,
4, -SOnm Photopic, 5- 750nrn N.I.R., 6- 440nm S-20. As(k) - 8lr(n - !)2 (6 + 3p,) / [ 3'4"7(6 - 7p,)] .(A.6)

Spectral Characteristics The number density -q at atmospheric temperature 15
degrees Celsius is 2.54743E19 cm-3 and the dopolarlzation

A summary of the response characteristics of the factor p,, is 0.035. The refractive index n can be
AVIZ filters is given in Table A.2. The mean wavelength expressed as N' where•_ • is defined by

1100 
N'- n-I. (A.7)

~ STA ~/. (A.l)

Now rewriting Eq. (A.6) in terms of N' and with
The effective passband 8X is defined by wavelength in nanometers

1100
4A - Y " A A. (A.2) Rs(A.) - 3.443E12 nm4 n-I (N' 2 + 2N') 2 / A' . (A.8)
400

The radlometric units for irradlance of W/m 2Mm are The refractive term N' can be expressed as a function of
obtained from units of W/m 2 by dividing by the effective the refractive modulus N(0) as
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Table.A.1. Relative spectral response of standards for AVIZ filters.

FILTER NUMBERS AND MEAN WAVELENGTH FILTER NUMBERS AND MEAN WAVELENGTH

No. 2 NO . No 4 No. 5 No 6 No 9 No 2 No No.4 No 5 No 6 No 9
Wave. Pseudo. True Wave. True
length Blue R I Ph¢o)pic S- S.20 Photopic length Blue Red Photopic NIR $-20 1 Pholopic
(nm) 471(nm) 664(,m) 557(nm) 76 Onm) 5313(m) 5606(m) (rim) 47S(nm) 664(Am) 57T(,tm) 765 rn) 532(rm) 560(mm)

400 F.00IT 0.0004 AND 0.EN IZ 0.4400 0.4412
405 0.0129 0.0006 620 0.1300 0.4390 0.liO
410 0.0251 0.0012 623 0. OSS 0.4260 0.3210
415 0.299 0.0022 630 0.0000 0.0B10 0.4130 0.2650
420 0.56 0.0040 635 0.0020 0.0657 0.3935 0.2170
425 0.7605 0.0073 640 0.0416 0.0304 0.3740 O IS
430 D.9530 0.0116 645 0.1798 0.0411 0.3S45 0.1312
435 0.9765 0.0161 650 0o.S31 0.0311 0.351so 0 1070
440 1.0000 0.0330 6SS 0."41 0.0261 0.3190 0.0116
445 0.920 00298 660 t.0wO 0.0211 0.010 0.0610
450 0.9440 0.0380 665 0.4I 0.018l 0.214S 0.0446
455 0.0000 0.972 0.0480 670 0.1625 0.01$/ 0.2660 0.0320
460 0.0070 0.9600 0.0600 675 0.1412 0.01.9 0.2480 0.0252
46 0.1407 0.9510 0.0739 600 0.4774 0.0120 . 0.2300 0.0170
470 0.14111 0.0000 0.94 • 0.0910 615 O.AIS5 0.0105 0.2105 0.0119
415 1,0000 0.0172 0.93 5 0.1126 690 0.0495 0.0090 0.1910 0.0042
430 0.9329 0.0143 0.9290 0 1390 69S 0.0166 0.0010 0.1755 0.0057
485 0.1104 0.0677 0.9175 0.1693 700 0.0000 0.0070 0.1600 0.0041
490 0.1790 0.1010 0.90•0 0.2060 705 0.0061 * 0.1445 0.0029
4" 0.0292 0.1115 )0.1920 0.2516 710 0.0053 0.1290 0.0021
500 0.0000 0.1340 0.1760 0.3230 715 0.0041 0.1170 0.0015

0o 0.2635 0.8560 0.4073 720 0.0042 0.0000 0.1050 0.0010
$510 0.3910 0.8340 0.1030 725 0.0031 0.1005 0.09)1 0.0007
$515 0.5015 0.t335 0.6082 730 0.0033 0.200 0.0826 O.00S
5a0 0.6260 )0.7930 0.7100 735 0.0030 0.4155 0.0723 0.0004
525 0.7345 )0.7713 0.7932 740 0.0026 06300 0.0619 0.00031
5$0 0.14J0 0.7500 0.1620 740 0.0025 9.11S0 0.055O 0.0002
Sj 0.065 )0.7250 0.9149 750 0.0023 I 0WOO O.0497 0.0001
540 0.9700 )0.7000 0.9$40 75S 0.0020 0.9395 0.0416 0.I001
545 0.9150 0.6785 0.9803 740 0.0011 0.9190 0.03115 0.0001
530 1.0000 0,6570 O.SO 765 0.0017 0.1495 0.0292 0.0000
555 G0.965 0.6335 1.0002 770 0.0016 0.7300 0.0249
54 0,9330 0.62W0 0.9950 775 0.0034 0.6620 0.0206
so 0.865 ) 0.6030 0.9716 7I0 0.0013 0.5440 0.0162

570 0.8040 .0S1160 0.9520 715 0.0012 0.4090 0.0144
575 0.7195 0.5700 0.9154 790 0.0012 0.4340 0.0125
530 0.6350 0.5540 01700 795 0.0012 0.3720 0.0107
535 i 0.5525 0.5335 0.3163 100 o0.001 0.3100 0.008n
sm0 0.4700 0.5230 0.7570 105 3 0.000:1 0.2675 0.007S
595 0.3950 03060 0.6949 11110 0.0000 02250 0.0062
G0O 0.3200 . 0.419" 0.6310 Il ls 01125 0.0031
G0 0.2630 0.4750 0.1661 820 •
6!o 0.2060 0.4610 0.5030

Table A.2. Spectral characteristics summary for AVIZ filters.

Spectral Cltarecterililca Inherent Sen Properties liolnson (1954)) Rayleigh Atmosphere Pfopele 1C zn
- - -- 7 - -- - optical

Filter Paek Mac Iffetilve Radiance (W/fl,,. 2 m) Attenualtion Totld Scatleting Vertical Thickness
Code Waivelengthl Wavelength Pu1seband Irradlence I - - Length Coefflicient Radiance I ,t(ol
No. (cm) (,in) (Inci) (W/IM2,m) Average Center (M_ (per m) Trenimillence.

2 47 I 473 19.9 2.14111+03 3 13E+07 4.0711+07 4.149+04 2007E.05 0.39 S.7E.3
3 No0 664 30.2 13571+03 2.30E+017 2-734+07 1.16E+03 5 41C.06 0955 3 11111.)
4 550 557 711.5 1390E+03 2.71E+07 341E0 1.93E+04 I 3S-520 0907 3 012.1
5 750 765 $0.4 1.231B403 1 80E+07 2.1+07 I 3.289+05 303E.06 0974 1 6 E-I
4 440 532 113.5 191B+03 2 110E+07 1.SSE+07 7.22E+04 1 64E,03 A 367
9 555 650 I 106.9 •3.9E+03 2.77E+07 3.45E+07 II 9.22E+04 3 35E.05 0907 3 073.2__ _ __ __ _ ___......2_
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N'- N(O)IE-6. (A,9) The L(A,T) is computed from the classical equation
(Wolfe (1978) Table 1.7)

The refractive modulus was computed using the dispersion
formula of Edlen (1953) for the refractive modulus N(0) L(xT) - c/l / .\S(e-x - 0)1, (A.16)
at 15 degrees Celsius at sea level

where

N(0) - 6.328 + 29498.10 / (146 - I / A)

+ 255,40/ (41 - I / 0z), (A.d) - 2whc3 - 3.743120-16 Wm) (A,)

where h, Is In jsm. The spectral Rayleigh vertical beam and
transmittance through the atmosphere may be computed
by means of the scale height H x - ca/OT) (A,18)

p T.(A,) .. exp ( -.aa(A)F 1, (AI 1) The c Is the speed of light, h is the Planck constant and

The scale height for the U. S. Standard Atmosphere (1976) - ch / k - 1438?86E-2 mk (A,19)
which hu a sea level temperature of 15 degree. Celsius, is
8434.7 meters. where k is the Boltzmann constant. The constants are

Awtenwalon Lenglh. The attenuation length , is from Driscoll and Vaughn (1978) Table A,.

defined as that distance at which the signal is attenuated to TDnsmlttoace. The Rayleigh transmittance through
1/e. So monochromatically, the Rayleigh attenuation the atmosphere was needed as a limit for comparison to
length is the transmittance measurements made with a solar

transmissometer. Therefore the broad band Rayleigh
•0,) - I / ae(h) . (A,12) transmittance was defined as,

A broad band attenuation length is similarly defined as the 1100
distance at which the signal is attenuated to I/e. Thus R ".(0,0) WM 1.0Lo(A) i T.(A) rA' At.

oxp(-I) - 6xp(-r/j.T) / / Lo(A) SY7'A- , (A.20)
1100

-exp I -rj s(A) ) rr, AW/A (A. 13) where ,L.(A) is the spectral Inherent center sun radiance

as defined by El. (AS).
Equation (A. 13) cannot be solved directly for the Rayleigh
attenuation lcrith q.2 since the range r is both unknown
and In the dedning term. However, it can be solved by Ozone Absorption
iteration within acceptable limits. The spectral values of ozone absorption a per cm

Volume Scatterlng Coqiclent. The Rayleigh volume for the Chappuis bands are taken from the tabular values

parison to the values measured by the Integrating Inn and Tanaka (1953) values, Since the ozone absorp-

naphelometer. Therefore, the limiting value is is defined lion was to be used in conjunction with the solar transmis.
U someter values, the absorption a per cm for each filter

was computed from the spectral values by
1100

AS 4 A s WaXM'(A,500K;."•' 1100

/ • M(W,$500K) S7' Ax (A,14) 1_oo

A Xenon source Is used in the nephelometer, therefore
the radiant exitance (emittance) in Eq. (A.14) was approx. The total ozone was from the U. S. Standard Atmo-
imatod by a blackbody radiator of 5500 degrees Kelvin sphere (1976) which was 0,345 atm-cm. The ozone opti.
M(AOO50%), The radiant exitance M(h,T) Is cal thickness was computed for each filter from

M(xT) - •L(AT) . (A.IS) T. (0,0) - exp t --at.(0). (A.22)
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APPENDIX A

Rooftop Filters tubes had an S-Il spectral response. A summary of the
response characteristics of the Rooftop 1964 filters is Siven

The relative spectral response values for the broad in Table A.4.
band sensors used on the rooftop of the Visibility Labora- Rooftop Filter 3 is the photopic sensor. The photo-
tory buildintg during 1964 are graphed in Fig. A-2 and tubes were carefully filtered so that they closely approxi-
given in tabular form In Table AA3 The multiplier photo- mated the photopic sensor.

TaWbS A3. Relative spectral response of standards for rooftop 1964 filters.

PILTBR NUMIERS AND MEAN WAVELENGTH FILTER NUMIERS AND MEAN WAVELENGTH

'. W elledth No. I No. I No, . NO. 4 Wavelefith No. 1 No.) No.) NO. 4
(m) 459 trm) SO5 (im) S0 (nm) 661 (am) (nm) 45 (nrn) 105 (am) 560 (fm) 661 (am)

M40 0 0000 W si3 0.00o 9 04405 0.3161
365 • 0.0146 $to 0.0027 0.4130 0.731•
310 • 0.0732 595 0a0000 01320 0.694•
J73 0.1151 • 600 013110 0.6309 0,0000
310 . 0.'70 40s . 0.250 0..S67 0.0110
335 0,1 •0 610 0,1970 0.5029 0,1740
390 • 0'tS . 61S 0.15s 0.4411 0.5020
305 0•1110 000 6)20 01210 01309 0.3210
400 . 0.2019 00004 62S 30,100I 0.3209 0.9140
405 . 0.290 0.0006 630 0.0791 0.2649 1.0000
410 00000 0.090 00012 63S . 0,0A14 0.2170 0.9480
415 0.0740 0.3$90 0.0022 640 0.0S76 0.,7s0 0.,940
420 0.140 0'4090 0,0040 6S4 0,049 0.1332 0.7975
423 0.310 0.4"1s 0.0013 650 • 0.0420 0.1070 0.690o
430 0.6240 0.5230 0.0116 653 0.0)34 0.0116 0.5970
435 0.7053 0.5ISS 0.019 660 . 0.0231 0.0610 0,4950
440 0co0w0 0.6430 0.0230 465 0.0240 0.0446 0a4165
445 0M9$95 0.010 0.03911 670 0.0199 0.0320 0.1,10
450 Lo0n0 0.710 0.0330 673 0.016S 0.02)2 0.2190
455 0.9770 0.7765 0.0410 640 , 0,0137 0,0170 0.3400
440 0.9540 0.6140 0.0600 as63 0.0124 0.0119 0.2"35
465 0.371 0.3593 0.0739 690 0.0111 0.0082 0.1970
470 0.2110 0.3390 0.0910 695 . 0.0111 0.007S 0.1915
475 0.714s 0.995s 0.1126 700 0.0110 0.0041 0.1110
400 0.400 0.920 0.1390 705 , 0.0141 0.0029 0.2300
413 0.5010 0.950 0.1693 710 • 0.017) 00031 0.2710
490 0.3940 0.6340 0.2010 715 0.0195 0.0019 0.235,
"495 0U020 0.9030 0.5315 720 . 0.0142 0.0010 0.1990
W00 0.2100 9.0000 0.3229 725 0.0144 0.0001 0.1195
"SO0 0.1411 0.9951 0.4072 .730 0.0146 0.0005 0.1300
510 0.0461 0.1190 0.502 so 73• 0.0141 0.0004 0.1030
I9S 0.0533 0.9603 0.6031 740 0.0135 0.0003 0.1440
530 0&0`0 0.1500 0.7099 745 . 0.0122 0.0002 0.1260
1S5 0.01" 09W040 0.7930 750 • 0.0109 0.0001 0.1070

530 0,0047 0.1370 0.611l 755 • 0.009 0.0001 0.0912
535 0.0071 0.+455 0.90147 "730 0.0032 0.0001 0.0754
30 0.005 0.130 0.95A3 765 0.006 0 0000 0.062,
543 0.0051 0.7740 0.9301 770 0.00,5 0.0501
550 0.0048 0.7)30 09941 775 • 0.0046 0.0403
"i53 0.0044 0.0745 1.0000 710 0.0036 0.0310
540 0.0040 0.6110 0.9941 313 0.0026 • 0.0239
563 0.0037 0.5160 0.9784 790 • 0.0020 0.0167
570 0.0034 0.3120 0.5931 795 . 0.0015 0.0127
573 0.0032 0.4900 0.9192 300 0.0011 00016
5o0 0.0031 0.4610 0.1691
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APPENDIX A

1.00 /SYMBOL FILTER PEAK
(nm)

so 1 '1501
La. * 2 3004 Qu

~60]

4204

00 400 500 G0 700 0 9m0
WAVULINOTH (nm)

Flg. A2.2 Standard upectral responses for Visibility Laboratory I

rooftop filters.

Table A.4. Specral characteristics summary for rooftop 1964 filters.

SawmS ChmsWoe"l Ifhol 111" "Itm Noelohasiolon 0019)1 PJiy4Ih Almfopalasr PrOpWnI* (I ST) 010m

Filte peak Mmm Urhsiv bdlswm (/w/flm~ja) Altouatlgia Total Swhterina WOWla Thloknm
Caft wsWaesath Wwlatgtlt pUSkd lat m -in Length Coalkisiat Nadinew I(0)
No. (mi) (1W, (own) (Wliaw~) Aveme Conlet Wm (per m) Ttumiumt~ie

1 410 454 $11.1 Los+03 3.043+07 4.003+07 4.113+04 2.4713.0 0.32 J.7093i
2 No1 w0 151.9 1.951+3+ 3UE6+07 3.469+07 111+011 1.173.05 0.152 IAO.611-

*. . 3 5111 N40 106.3 1.111111+411 2.77+07 3.4$9+01 9.223+04 1.1511105 0.907 3.0711.2
61 wI "1 I1. 1.1101+03 2.3113+07 2.7111+07? 41+3 90 0.952 3".
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APPENDIX B

GLOSSARY AND NOTATION

The notation used in reports and journal articles produced by the Visibility Laboratory staff follows, in general, the
rules set forth in pages 499 and 500, Duntley et al, (1957). These rules are:

e Each optical property Is indicated by a basic (parent) symbol.
a A presubecript may be used with the parent symbol as an identifier, e.g., b indicates background while t denotes

an object, it., target.
* A pastaubecript may be used to indicate the length of a path of sight, e.a., r denotes an apparent property as

meauted at the end of a path of sight of length r, while o denotes an inherent property based on the hypothetical
concept of a photometer located at zero distance from an object, I.e. target,

"e A poetauperecriptO or postsubscript., is employed as a mnemonic symbol signifying that the radiometric quantity
hu been pnerated within the path or path segment by the scattering of ambient light reaching the path from all
directions ad/or by emision.

e The parenthetical attachments to the parent symbol denote altitude and direction. The letter z Indicates altitude In
general; z, is used to specify the altitude of a target, The direction of a path of sight is specified by the zenith
angie 9 and the uimuth . In the case of irradiances, the downwelling irradiance is designated by d, the
upwollipg by u,

a The radlomhtric symbols used herein now correspond to the OSA recommendations in Section I of Driscoll and
Vaughn (1976). Prior to June 1960, the symbol used for radiance L was N, for irradiance E was H, and for
attenuation length £ was L,

Symbol Units Quantity

A(6) none Albedo at altitude s, defined
A (s) - E(Uu) / E(U,d).

S(U.) M-1 Absorption coefficient.

C(8) a.-r m-1  Diffuse component of the solar almucantar sky radiance ratio to the sun scalar
irradiance and relative airmess

C(z) - L(xe',e')oU0(,)dfl / ,a(z) + L. (U) /'4(0).

M/s Speed of light c - 2.99792458E8.

' 1 eloI First radiation constant c, - 2whel - 3.741832E-16.

C3 NK Second radiation constant c2 - chik - 1.438786E--2.

D(:) none Radiance distribution function D(s) - fL (sO',@')seec6'df11/, (z).

D() none Limb darkening factor relating the average sun radiance and the center sunradiance D( ) - ,t0 / 3L,.

•W/ra Spectral irradiance (formerly symbol H) defined as E, - fLk(z,,0) cos0 d~l.
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APPENDIX B

Symbol Units Quantity

E W/M JA M Broad band sensor i rradlance, defined as E - fJE4 'Th x dX )k

£(W)J/M 2  Irradiance produced by downwelling flux as determined on a horizontal flat plate
at altitude z [formerly H(:,d)i. In this report d is used In place of the minus
sign In the notation [H(:,-)] whic~h aplpe~ " in Duntley (1969). This property
may be defined by the equation (:,d) Y- L(,9'4,') cos@'dfl'.

501") PV/ml Irradiance produced by the upwelllng flux as determined on a horizontal flat plane
at altitude x (formerly H(:,u). Here u is substituted for the plus sign formerly
used in the notation [H(z.+)].

AT() m Scale height at altitude z, the height of a homogeneous atmosphere having the
donsity of the layer at altitude:z. .

hJ/8 Planck constant h - 6,626176E-34,

k J/9 Boltzmann constant k - 1.38i0662E-23.

LhWI, m, Spectral radiance (Former symbol N).

L /VM)M Broad band sensor radianceIs defined as L - L, 3  dA /WA~

4O (4.0.0*) WI,, M2  Inherent radiance based on the hypothetical concept of'a photometer located at
zero distance from an oWec at altitude:i in the direction specified by zenith angle
9 and azimuth 0.

W/ar M Apparent radiance as determined at altitude a, from the end of a path of sight of
length r at zenith angie 9 and azimuth *. This property may be defined by

L4,,)- LO(U 15,8.) T,(z,O) + L(,,)

L ~,T) W/V M3 Black body radiance at wavelength x and temperature T.

Ls,, W/S, "I, Equilibrium radiance at altitude : with the direction of the path of sight specified
by zenith angle 9 and azimuth 0. This property is a point function of position
and direction.
As discussed by Duntley opt at. (1957), many image transmission phenomena are
most clearly understood In toerm of' the concept of equilibrium radiance, This
concept Is a natural consequence of the equation of transfer which state:
analytically that in any path segment the difference between the output and Input
radiances Is attributable to a gain term and a loss term, such that some unique
equilibrium radiance L,, (z,e,0) must exist at each point ouch that the loss of
radiance within the path segment is exactly balanced by the gain, i.e.,
AL (2,0,) -0.

.37-
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Symbol Units Quantity

By virtue of this concept and the equation of transfer, one can show that each
segment of every path of sight has associated with it an equilibrium radiance, and
that the space rate of change in image forming radiance caused by the path
segment is In such a direction as to cause the output radiance to be closer to the V
equilibrium radiance than is the input radiance, This segment by segment
convergence of the apparent radiance of the object field to the dynamic
equilibrium radiance was clearly Illustrated by the data In the 1957 paper
referenced above.

W-,sr M Path function at altitude z with the direction of the path of sight specified by
zenith angle 9 and azimuth 0. This property is defined by the equation
L.(z,0,6) - L.,lz,0,4) + L.W(:).

L(z 1*,.,) W/I M3 Path function due to scattering, defined by L,(z,9,e) - f o(z,•')L(z,9',•')df',

WI(/ M2  Path function due to emittance (absorption) L,. (a) - W(z) L (h, T),

-( )W/ N Path radiance u determined at altitude z at the end of a path of sight of length r
in the direction of zenith angle A and azimuth,.

L. (z,0,0 ) W/V M2 Sky radiance at altitude :, zenith angle 9 and azimuth 0. Also the path radiance
for the path of sight of length a from out of the atmosphere to altitude z.

SL"(1,08,0) W/.V ma Apparent radiance of the center of the solar disk as determined from the end of a
path of sight of length a* from out of the atmosphere to altitude z at the zenith
angle of the sun 9,,

2(z) in Attenuation length at altitude a. The attenuation length is the distance at which
the signal is attenuated to Iea.

M(h, T) W/ml Black body exitance (emittence) M(A,, T) - wL (h, T).

m(hT) Win,0 Black body scaler exitance (emittance) mt(h, T) - 4wL. 0(, T)M

Wo60) W/M3 Scalar exitance (emittance) per length m.(:) - Ll.)dO, .. 1,

ins (8) Wino' Scalar exitance (emittance) per length due to scattering

M.11- .L.,(:,9,O)dfl - e(s)s(:).

098(s) W/io Scalar exitance (emittance) per length due to absorption m., (z) - a (1)m(X. T).

k.l/,n) 'lml Absolute air mas at angle 0 m.l.,9) - plldr,.
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Symbol Units Quantity.,

mo(zA)m.(zO1 none Relative optical air man.

MO(a) nunt Relative optical airmass at zenith angle of the sun, shorthand for

N(W) none Refractive modulus N(M) - [n (z) - 11E6. C1

, (a) none Refractive index.

0(4) none Optical Kettering mixing ratio at altitude z, This quantity Is defined as the ratio
of the total volume scattering coefficient at altitude a, to the molecular (or
Rayleigh) volume scattering coeffident at the same altitude ,.
0(4) - S(a)/RS(x).

none Volume scattering function ratio at altitude s. This quantity is defined u the ratio
of the total volume sattering function at altitude j and scattering angle P, to the
molecular (or Rayleigh) volume scattering function at the same altitude and
scattering angle. 9(z0,) - oW($,P) / R@(lP).

r m Path length, for paths of sight at zenith angles 0 to 70 degrees, r - wec At.

S ~none Standardize relative spectral response of fAlter/cathode combirwdtton where S$ Is
spectral sensitivity of the multiplier phototube cathode and Th is spectral
transmittance of optical ilter. The relative spectral response values are
normalized to the peak value.

~r) .M-t Total volume scattering coefficient as determined at altitude x. This property may
be defined by the equations

,(,) - (,f)dn - R,(,) + ms(s).

In the abeence of atmospheric absorption, the total volume scattering coefficient is
numerically equal to the attenuation coefficient.

Ms (I) m-1 Volume scattering coefficient for Mie I.e. particulate or droplet, scattering at
altitude:

S (it) M1 Volume scattering coeffclent for Rayleigh I.e, molecular, scattering at altitude x,

" T' K Absolute temperature in degrees Kelvin.

7"(8,.) none Radiance transmittance as determined at altitude r for a path of sight of length r
at zenith anglle 9 (formerly referred to as "beam" transmittance), This property isIndependent or azimuth In atmospheres having horizontal uniformity. It Is always .

the same for the designated path of sight or its reciprocal.

T.(u,9) none Radiance transmitance for the path of sight at zenith angle 9 from out of the
atmosphere to the altitude :.

•39-
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Symbol Units Quantity

I" W)none Optical thickness t:,(z) - a W(z)dz,

-a W none Absorption optical thickness A: (z) - a (z) W *

""t""(I) none Mle optical thickness 'A,'(')- Wis()dZ.

at tlu(8) none Rayleigh or molecular optical thickness t(Z) -W A W

W I//i Radiant density.

.W, W Wat W -J/,,I.

. in Altitude, usually used as above ground level,

- in Altitude of any applicable object or target.

-*l) m.n Volume attenuation coefficient as determined at altitude z. a( ) - a( ) + 1(:).

-- dog Symbol for scattering angle of flux from a light source. It is equal to the angle
between the line from the source to any unit scattering volume and the path or a
ray scattered off this direct line, See illustration,

-Sun-

nit Volume

,-;

VA
- non* Symbol to indicate incremental quantity and used with P and z to indicate small,

discrete increments in path length r and altitude r.

sh nm Effective passband (formerly designated *response area") for a filtered sensor is

defineda8k - aTkd".
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Symbol Units Quantity

.(z) W/m 2  Scalar irradiance. This may be defined as the radiant flux arriving at a point, from
all directions about that point, at altitude z (Tyler and Preisendorfer (1962)).
W(z) -f L(z,9',')df',

0114) W/M2  Diffuse scalar Irradlance dE(Z) - G(z) -l(z).

.: W(a) W/m Sun scalar irradlance at altitude z sa(z) - ,.(ao) T.(z,).

C m Radius of the earth.

' dgl Symbol for zenith angle. This symbol Is usually used as one of two coordinates to

specify the direction of a path of sight,

deg Symbol for zenith angle usually used as one of two coordinates to specify the
direction of a discrete portion of the sky.

* * des Zenith angle of the sun.

nm Symbol for wavelength.

nm Mean wavelength is defined as X- ? k T d? / 8k.

JA(10) Sr-i Ratio of solar almucantar sky radiance to scalar sun irradiance and airmass.
(,,)- L:,,(z,9 1,,) / [ e(:)m(95)],

E(z) W/mo Net irradirnce. f(z) , E(z,d) - E(zu).

p(0) kg/rnP Density at altitude z.

WO(O,) nr'1r" Symbol for volume scattering function. Parenthetical symbols are z to designate
altitude and 0 to designate the scattering angle from a source.

o'(a,•)/e() ar-i Normalized volume scattering function. This may be defined by the equation

[o U.0) / s(z)]df) - 1.

(.0) Vr Optical thickness function. , -
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Symbol Units Quantity

* dog Symbol for azimuth. The azimuth is the angle in the horizontal plane of the
observer between a fixed point and the path of sight. The fixed point may be for
example, true North, the bearing of the sun, or the bearing of the moon. This
symbol is usually used as one of two coordinates to specify the direction of a path
"of sight.

doe This symbol for azimuth is usually used as one of two coordinates to specify the

direction of a discrete portion of the sky.

Srdo$ Angular solar radius at true earth-to-sun distance,

dog Angular solar radius at mean solar distance.

0 O Symbol for solid angle. For a hemisphere, f1 -21 steradians. For a sphere,
(I - 4w steradians.

ue(s) none Single scattering albedo w (z) - s(z)/ a(z),

-4q
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Table R.I. Notational equivalencies.

Chandrasekhar (1960) Visibility Latboratory -

Symbol Definition Symbol Definition

E Radiant energy E Irradiance

WF Net flux eNet irradiance

I Specific. Intensity L~z9~ Radiance

J Average Intensity Or4 Average radiance

N ~ ut emission coefficient -- -- Path function/density

ip Mass emission coefficient x density L.z9i) Path function b

j~a) Mas emission coeffiient due L(z94) Path function due to scattering
to suattering divided by the density h

It Mass absorption coefficient aPAttenuation coefficient divided
k by the density

kp Mass absorption coefficient x density a (2) Attenuation coefficient
Four r times volume scattering

A~cute) Phase function 4rro(a)/a* function/attenuation coefficient

I Thickcness r Path length

Source function Equilibrium radiance

u Integated energy density w Radiant density

No, Single cattering albado WUz) Single scattering albedlo

oscatterins angle Al Scattering angle

Polar "ane 9 Zenith angleI
ow mne or polar angle Cos 0 cosine of zenith angle

Vrequency 1/h Inverse wavelength

p Density p Density

7Normal optical thickness t Optical thickness

9 Azimuth Azimuth

0) Solid angle 11 Solid angle
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VISIBILITY LABORATORY CONTRACTS Duntley, S.Q., R.W. Johnson, and J.1. Gordon, "Airborne
AND RELATED PUBLICATIONS Measurements of Optical Atmospheric Properties in

Northern Germany", University of California, San
Diego, Scripps Institution of Oceanography, Visibility

Previous Related Contracts: Laboratory, SIO Ref. 76.17, AFOL-TR-76-0188,
F19628-73-C-0013, F19628-76-C-0004 NTIS No. ADA 035 571 (1976).

Duntley, S.Q., R.W. Johnson, and J.1. Gordon, "Airborne
Measurements of Atmospheric Volume Scattering
Coefficients in Northern Europe, Spring 1976",
University of California, San Diego, Scripps Institu-
tion of Oceanography, Visibility Laboratory, SIO Ref.

Duntley, S.Q., R.W. Johnson, J.1. Gordon, and 77.8, AFOL-TR-77-0078, NTIS No. ADA 046 290
A. R. Bolieau, "Airborne Measurements of Optical (1977).
Atmospheric Properties at Night", University of Call- Duntley, S.Q., R.W. Johnson, and J.1. Gordon, "Airborne
fornis, San Diego, Scripps Institution of Oceanogra- Measurements of Atmospheric Volume Scattering
play, Visibility Laboratory, SlO Ref. 70-7, AFCRL. Coefficients in Northern Europe, Fall 1976", Univer-
70-0137, NTIS No. AD 870 734 (1970). sity of California, San Diego,. Scripps Institution of

Duntley, SQ., R.W. Johnson, and J.1., Gordon, "Airborne Oceanography, Visibility Laboratory, SlO Ref. 78-3,
Memsurmments of Optical Atmospheric Properties In AFGL-TR-77-0239, NTIS No. ADA 057 144
,outhern Germany", University of California, San (1978a).

Dicgo, Scripps Institution of Oceanography, Visibility Duntley, S.Q., R.W. Johnson, and J.1. Gordon, "Airborne
Laboratory, SIO Ref. 72-64, AFCRL-72-025S, NTIS Measurements of Atmospheric Volume Scattering
No AD 747 490 (1972a). Coefficients in Northern Europe, Summer 1977",

Duntley, S.Q., 'R.W. Johnson, and J.1. Gordon, "Airborne University of California, San Diego, Scripps Institu-
and Ground-Based Msasuremonts of Optical Atmos- tion of Oceanography, Visibility Laboratory, SlO Ref.
.pheric Properties in Central New Mexico", University 78-28, AFGL-TR.78-0168, NTIS No. ADA 068 611
"of California, San Diego, Scripps Institution of (1978b).
Oceanography.. Visibility Laboratory, S1O Ref. 72-71, Duntley, S.Q., R.W. Johntson, and J.1. Gordon, "Airborne
AFCRL-72-0461, NTIS No. AD 751 936 (1972b). Measurements of Optical Atmospheric Properties,

Duntley, SQ,,, R.W. Johnson, and J.1. Gordon, "Airborne Summary and Review III", University of California,
Measurements of Optical Atmospheric Properties, San Diego, Scripps Institution of Oceanography,
Summary ard Review", University of California, San Visibility Laboratory, SIO Ref. 79-5, AFGL-TR-78-
Dailo, Scripps Institution of Oceanography, Visibility 0286, NTIS No. ADA 073 121 (1978).
Laboratory, 810 Ref. 72-82, AFCRL-72-0593, NTIS Fitch, B,W. and T.S, Cress, "Measurements of Aerosol
No. AD 754 898 (1972c). Size Distribution In the Lower Troposphere over

Duntley, SQ., R.W. Johnson, and 3.1. Gordon, "Airborne Northern Europe", University of California, San
Measurements of Optical Atmospheric Properties in Diego, Scripps Institution of Oceanography, Visibility
Southern Illinois", University of California, San Laboratory, SIO Ref. 81-18, AFGL-TR-80-0192,
Diego, Scripps Institution of Oceanography, Visibility NTIS No. ADA 104 272 (1981). Also J.Appl.Met.
Laboratory, SlO Ref. 73-24, AFCRL-TR.73-0422, 20, No. 10, 1119-1128.
NTIS No. AD 774 597 (1973). Gordon, J.1., "Model for a Clear Atmosphere", J. Opt. Soc.

Duntley, S.Q., R.W. Johnson, and J.1. Gordon, "Airborne Am. 59, 14.18 (1969).S1
and Oround-.ied Measurements of Optical Atmos- Gordon, 3.1., J. L. Harris, Sr., and S.Q. Duntley, "Measur-
pheric Prope,"ties in Southern Illinois", University of ing Earth-to-Space Contrast Transmittance from
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